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Abstract 
 
The Cape gannet has undergone considerable population change and redistribution over the 
past 50 years. This has been linked to shifts in the abundance and distribution of their 
dominant prey, sardine and anchovy. Five breeding colonies, along the west coast of 
Southern Africa, have shown rapid population declines as a result of reduced prey 
availability. In contrast, a single colony (Bird Island, Algoa Bay) on the south coast of South 
Africa has, over the same period, grown fivefold and now supports approximately two thirds 
of the total population. Due to its conservation importance, and isolation from other breeding 
localities, it is important to assess the health of the Bird Island colony, and determine how 
foraging distribution relates to the environment to evaluate current measures of protection. 
This was achieved through two related studies; a long-term dietary analysis spanning 34 
years, and a spatial foraging study, which related three years of tracking data to estimates of 
prey availability, oceanographic features and marine protected areas (MPAs).  
The results of the dietary study showed that the dietary constituents of Cape gannets 
breeding at Bird Island have remained similar over the last three decades, but the 
importance of sardine and anchovy has increased significantly. For sardine, in particular, this 
reflects an increased availability of this species (as deduced from hydroacoustic surveys) 
within the foraging range of the Bird Island colony. The dietary abundance of anchovy was 
found to be negatively correlated with that of sardine. Surprisingly,.the dietary abundance of 
anchovy was also negatively correlated with estimates of its availability based on acoustic 
surveys. The latter is likely to be due to sardine being a preferred prey item. Recent 
decreases in the dietary contribution of sardine (since 2005) suggest that this species is 
becoming less available to gannets, with profound implications in terms of nutrient gain 
associated with foraging. However, this has been mediated by an increase in the dietary 
contribution of anchovy, which now accounts for the vast majority of prey taken.  
Spatially, the foraging range of the Bird Island colony expanded during the three years of 
study, indicating an increase in effort. This increase was likely in an effort to track a 
distributional change of sardine and anchovy, which showed an apparent westward shift 
during the study period. There was, however, no evidence of birds tracking features 
associated with high productivity. This may have been partly due to anomalously warm 
conditions during the summer of 2012/2013, in which an absence of coastal upwelling 
prevented surface cooling. Nonetheless, low sea surface temperatures and high chlorophyll 
a concentrations do not seem to be reliable indicators of important Cape gannet foraging 
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areas. Foraging effort was largely concentrated outside of MPAs, indicating that the current 
MPA network provides little protection for foraging gannets. This could change with the 
additional protection of the proposed Greater Addo Elephant National Park MPA expansion, 
as prey species are allowed to recover following the removal of fishing pressure.  
Overall, the colony appears to be in good condition as the diet is still dominated by live prey 
items, and the foraging range remains smaller than many of the colonies along the west 
coast. However, it is important that monitoring be continued, in particular with respect to 
changes in the availability of sardine and anchovy. Long-term shifts of these species out of 
the colony‘s foraging range could negatively influence the population in the future. This might 
be worsened by interspecific competition for prey resources. Considering the conservation 
importance of this population, maintenance of healthy prey stocks within the home range of 
breeding Cape gannets should be prioritised in order to prevent declines similar to those 
observed at west coast colonies.  
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Chapter 1 
General Introduction 
 
1.1 Seabirds and a changing marine environment 
Seabirds are important predators within the marine environment, globally consuming an 
estimated 70 million tons of prey annually (Brooke 2004). As with other marine top 
predators, seabirds are located at the upper end of the food web, and generally feed on low 
to mid trophic level species. Reliance on a narrow trophic range leaves them vulnerable to 
the effects of instability at lower trophic levels. Reductions in prey availability, related to 
declines in stock size, have been associated with poor seabird breeding performance (Cury 
et al. 2011). This is of particular concern because many prey resources targeted by seabirds 
are also targeted by a number of other top predators, including man. 
The impacts of over-exploitation of fish stocks have been well documented, and 
industrialised fishing has been labelled as the single greatest threat to future marine 
productivity (Jackson et al. 2001; Brander 2007). Marine resources, that once appeared 
limitless due to the vastness of the oceans, are now in visible decline under the demands of 
an ever increasing human population and its continued technological advancements (Pauly 
et al. 2003; Pauly et al. 2005). Fishing pressure has been particularly high for predatory fish 
species (Myers & Worm 2003), many of which have life histories that negatively influence 
population recovery. Furthermore, intense fishing targeting large individuals increases stock 
variability by forcing demographic shifts towards small, early maturating fish (Anderson et al. 
2008). Once predatory prey stocks collapse, fisheries shift their effort onto more abundant 
species at progressively lower trophic levels, a process termed, ―fishing down marine food 
webs‖ (Pauly et al. 1998; Pauly & Palomares 2005).  
In addition to the overexploitation of fish stocks, there is growing concern over the impact of 
global climate change on marine systems (e.g., Edwards & Richardson 2004; Hays et al. 
2005; Pörtner & Knust 2007). Marine communities may be altered significantly through 
climate related species distributional shifts (Cheung et al. 2009). Ocean warming causes 
changes in the spatial distribution of productivity, increasing primary production at higher 
latitudes while decreasing production in lower latitudes (Brander 2007). This significantly 
affects fish stocks and it is, in fact, believed that climate change could increase the 
complexity of fishing related change (Brander 2007). Climate change itself has both direct 
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(physiological, behavioural, life history or distribution) and indirect (altered ecosystem 
structure, productivity or composition) effects on fish (Brander 2007). To complicate matters, 
systems that have undergone fishing related reductions in average fish age and size, and 
biodiversity loss, have an increased vulnerability to extreme climatic events (Brander 2007). 
Because the impacts of fisheries and climate change are clearly synergistic, they cannot be 
considered separately; which highlights a need to change perceptions of the oceans, and 
improve management of marine resources.  
Previously, fisheries management was focused solely on sustaining the catch of target 
species, and the maintenance of the maximum sustainable yield (MSY) (Worm et al. 2009). 
However, this method has not been particularly successful and there are numerous cases in 
which stocks have collapsed as a result of uncertainty around this measurement (Garcia & 
Staples 2000; Pauly et al. 2002). Furthermore, the removal of any particular trophic level has 
been shown to have cascading ecosystem effects (Einoder 2009). Consequently, focus has 
shifted from single species management towards management at an ecosystem level (Piatt 
et al. 2007). Top predators play an integral part in ecosystem based management as they 
can rapidly convey important information about the state of the local environment (Furness & 
Camphuysen 1997; Diamond & Devlin 2003; Einoder 2009). Seabirds are particularly useful 
as many are specialist feeders, foraging almost exclusively on commercially important fish 
such as capelin (Mallotus villosus) (Baillie & Jones 2004), Pacific sand lance (Ammodytes 
hexapterus) (Litzow et al. 2000) and sardine (Sardinops sagax) (Velarde et al. 2013). In 
addition, changes in prey availability are rapidly reflected either by seabird diet (Litzow et al. 
2000), time activity budgets (Litzow & Piatt 2003) or through changes in their life history 
parameters (e.g., breeding success; Frederiksen et al. 2005). This close link between 
seabirds and their prey, makes seabirds useful indicators of system health (Cairns 1987; 
Diamond & Devlin 2003).  
1.2 Declining fish stocks and seabirds 
A recent global study on seabird prey consumption concluded that one third of all forage fish 
biomass should be set aside in order to sustain seabird populations (Cury et al. 2011). 
However, due to the commercial importance of many forage fish species as bait and 
fishmeal, they are targeted by fisheries. As a result of targeting shared resources, there is a 
large degree of regional overlap between seabirds and fisheries, particularly in the 
productive waters of upwelling systems (Humboldt and Benguela), and continental shelves 
(Karpouzi et al. 2006). For example, in the Benguela and western Agulhas systems during 
the 1980‘s, approximately five million seabirds consumed on average 430 thousand tons of 
prey annually (Crawford et al. 1991). During the same time, a large-scale purse seine fishery 
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targeting sardine and anchovy (Engraulis encrasicolus) maintained an average catch of 
480 thousand tons (Crawford et al. 1991) and would almost certainly have led to competition 
for prey resources (Hurlbert 1978; Okes et al. 2009). Reduced prey availability related to 
intense fishing is known to have negative effects on the diet quality, foraging effort or life-
history traits of seabirds (Wanless et al. 2005; Pichegru et al. 2009; Bertrand et al. 2012).  
1.3 The importance of dietary studies 
Seabird diet is an invaluable tool in understanding how these birds are adapted for and 
interact with the marine environment (Duffy & Jackson 1986). Dietary studies can shed light 
on trophic relations between seabirds and their prey, and the position that seabirds hold 
within marine food webs. Furthermore, because seabirds act as samplers of marine 
systems, their diet can be used to identify prey assemblages (Ashmole & Ashmole 1968) 
and food web structure (Iverson et al. 2007) present within their foraging range. In addition, 
seabird diet is becoming increasingly useful in assessing the abundance of commercially 
important prey stocks (Montevecchi & Myers 1995; Velarde et al. 2013), or changes in prey 
assemblages associated with oceanographic change (Montevecchi & Myers 1997). 
To deal with a spatially and temporally dynamic marine environment, many seabirds have 
life history traits that buffer against unfavourable conditions (Lack 1968). Most are long-lived 
with deferred maturity and protracted breeding seasons characterised by slow chick growth 
(Ricklefs 1990). Chicks often have to survive extended fasting periods between provisioning 
events and in order to maintain growth they require energy rich prey (Golet et al. 2000). 
During chick rearing, it is crucial that chicks are able to put on enough fat in order to survive 
the period directly after fledging during which they learn to forage for themselves (Phillips & 
Hamer 1999). Declining prey availability has led some seabirds to feed on alternative prey 
sources, which although more available, are often of lower quality (Grémillet et al. 2008a). 
For example, a prey shift from lesser sand lance (Ammodytes tobianus) to sprat (Sprattus 
sprattus) in common guillemots (Uria aalge) breeding on the east coast of Britain in 2004, 
was followed by high levels of chick mortality, and poor fledging condition, attributable to the 
significantly lower energy content of sprat (Wanless et al. 2005). Similar cases have been 
reported elsewhere (e.g., Österblom et al. 2001; Davoren & Montevecchi 2003), highlighting 
the importance of diet quality in terms of seabird productivity. 
Shifts in dietary composition of seabirds often follow changes in the environment (Velarde et 
al. 1994). In some cases, the monitoring of prey composition and size within the diet of 
seabirds has proved useful in predicting future stock sizes (Velarde et al. 2013). For 
example, the abundance of pre-recruit sardine in the diet of Elegant terns (Thalasseus 
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elegans) and Heermann‘s gulls (Larus heermanni) was positively correlated with the size of 
the adult stock a year or two later (Velarde et al. 2004; Velarde et al. 2013). Changes in the 
prey composition of seabird diet may also highlight changes in environmental conditions 
(Renner et al. 2012). In the north Atlantic, progressive shifts in the relative abundance of 
cold and warm water species within the diet of Northern gannets (Morus bassanus) reflected 
long-term changes in the environmental regime within which they foraged (Montevecchi & 
Myers 1996; Montevecchi & Myers 1997). Similarly, Blue footed boobies (Sula nebouxii) 
were found to take mostly large anchovy and few, small herring during warm El Nino events, 
whereas during cold La Nina events the opposite was true (Ancona et al. 2012). Likewise, 
rapid seasonal diet switching by Rhinoceros auklets (Cerorhinca monocerata) from cold 
water species to Japanese anchovy (Engraulis japonicus), a warm water species, reflected a 
seasonal intrusion of warm water into their foraging range (Ito et al. 2009). 
1.4 Physical and biological cues used by foraging seabirds 
Because of their importance as samplers of marine systems, there has been growing 
interest towards better understanding how seabirds interpret their surrounding environment 
as a means of locating their prey (e.g., Paiva et al. 2010; Péron et al. 2010; Sabarros et al. in 
press). Initially, studies were restricted to vessel based surveys, which attempted to 
determine the foraging distribution of seabirds (Ballance et al. 1997; Weichler et al. 2004). 
Although surveys provide an accurate estimate of the distribution of seabird concentrations, 
these methods are limited both spatially and temporally and it was not until the advent of 
seabird borne devices such as satellite trackers (Jouventin & Weimerskirch 1990; Prince et 
al. 1992), that the at-sea behaviour of seabirds could be studied in detail (e.g., Wakefield et 
al. 2009). Methods regularly used in tracking seabirds include Global Positioning System 
telemetry (GPS), Very High Frequency telemetry (VHF), Global Location Service telemetry 
(GLS) or Platform Terminal Transmitters (PTT), which record positions of birds at a range of 
frequencies and at varying accuracies (Wilson et al. 2002; Burger & Shaffer 2008).  Due to 
their size, the first GPS loggers were restricted to large seabirds such as albatrosses 
(Weimerskirch et al. 2002; Awkerman et al. 2005) and a few petrel species (Wakefield et al. 
2009). However, rapid advances in technology have given rise to progressive miniaturisation 
of loggers, which has increased the range of seabirds onto which loggers can be deployed 
(Burger & Shaffer 2008; Wakefield et al. 2009). Nonetheless, some researchers have 
expressed concerns about the potential behavioural implications of the additional mass 
associated with the attachment of loggers (Wilson et al. 2002; Vandenabeele et al. 2012). In 
response, numerous studies have included controls for comparing foraging durations of 
equipped and unequipped birds, but found little apparent impact of loggers (e.g., Grémillet et 
al. 2004; Pichegru et al. 2007).  
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Seabird movements are, nowadays, regularly tracked at an accuracy of a few metres and at 
a high sampling frequency (fix rate of up to 1 s; e.g. Moseley et al. 2012). Concurrent 
improvements to the range and extent of remote sensed data (satellite data), now allows for 
the simultaneous analysis of foraging behaviour with oceanographic variable (e.g., sea 
surface temperature (SST) and chlorophyll a (Chl a)), which in turn has led to significant 
improvements in our understanding of seabird interactions with the biophysical environment 
(e.g., Wakefield et al. 2009). As resources are not distributed evenly throughout marine 
systems, animals are expected to spend more time in areas with high resource availability. 
Marine predators are known to increase search effort in areas of high prey densities, 
characterised by a decrease in speed and simultaneous increase in turning rate, in response 
to prey intake (Pinaud & Weimerskirch 2005). This method of locating prey has been termed 
area restricted search (ARS) and is known to occur at a variety of spatial scales (Pinaud & 
Weimerskirch 2005). For many years it was thought that seabirds foraged in an 
unpredictable environment. However, it appears that at a large to mesoscale (100-1 000 
km), prey patches are in fact often fairly predictable due to the presence of persistent 
oceanographic features (Weimerskirch 2007). Unfortunately, the mechanisms by which 
seabirds locate prey patches in a large and dynamic environment remain poorly understood. 
Many species are known to make use of visual cues, such as tracking the movements of 
conspecifics (Silverman et al. 2004). There is also evidence to suggest that some species, to 
some extent, make use of prior knowledge and memory, repeatedly returning to persistent 
prey patches (Davoren et al. 2003).  
The distribution of seabird prey is often linked to the spatial and temporal distribution of 
primary productivity within the environment (e.g., Friedlaender et al. 2006). Zones of high 
plankton biomass provide an abundant food source for planktivorous fish, such as sardine 
and anchovy, which tend to congregate in dense shoals (Barange & Hampton 1997). 
Because of this link, there is growing evidence to suggest that seabirds make use of 
oceanographic and biological features to locate prey. For example, dimethyl sulphide, a 
scented compound produced by phytoplankton, is used successfully as a foraging cue by 
many seabirds, particularly the Procellariiformes, which have well developed olfactory 
receptors (Nevitt 1999; Nevitt & Bonadonna 2005). Seabirds may also be sensitive to 
changes in other oceanographic variables such as SST, sea surface height and ocean 
colour (Wakefield et al. 2009). The importance of oceanographic features in governing 
foraging dynamics has led to a wealth of literature documenting the overlap of seabird 
foraging activity with oceanographic features (e.g., Louzao et al. 2006; Bost et al. 2009; 
Peron et al. 2010). Hunt (1991) proposed three rules that govern the distribution of seabirds 
within the marine environment. Firstly, breeding colonies are selected according to the large 
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scale characteristics of the surrounding foraging environment. Secondly, while foraging, 
birds are likely to select the strongest features and gradients within the environment as 
proxies to locate prey. Thirdly, the predictability of prey resources is likely to be higher when 
these features are related to physical rather than biological properties. Most studies have 
found seabirds to increase foraging effort in association with, or congregate near areas of 
quasi-permanent oceanographic features such as oceanic fronts (Bost et al. 2009) and 
mesoscale eddies (Hyrenbach et al. 2006), or those associated with shelf systems (Phillips 
et al. 2006).  
Reliance on physical and biological cues of this nature has led to the development of several 
methods for habitat modelling, whereby zones of expected seabird distribution can be 
predicted, often with the intention of identifying hotspots for conservation (Piatt et al. 2006). 
Initially, studies of seabird habitat use were largely descriptive, identifying oceanographic 
conditions experienced by the bird while foraging (Cherel & Weimerskirch 1995). However, 
advancements in spatial analyses have led towards techniques for comparing conditions 
associated with foraging against those of the greater environment (habitat selectivity) 
(Wakefield et al. 2009). This provides a better understanding of the potential effects of 
climate related changes in productivity on the distribution of marine species (Grémillet & 
Boulinier 2009). 
1.5 Seabird foraging distribution and conservation 
Seabird telemetry data has become increasingly useful for the protection of seabirds by 
illuminating areas of high conservation importance (Thaxter et al. 2012). In the past, most 
MPAs were designed either as a means of managing fisheries, for the protection of habitats 
or to conserve biodiversity (Agardy 1994). However, in light of the ecological importance of 
top predators, and growing concern for their conservation, there has been a shift towards 
designing MPAs to include protection for top predators such as seabirds (Hooker et al. 
2011). Protection of seabird species may, in fact, prove to be beneficial in conserving other 
species, many of which show considerable spatial overlap with seabirds (Hebshi et al. 2008).  
While seabirds may benefit from some level of protection at and around breeding sites, 
which serves to preserve adults and their nests against disturbance and land-based 
mortality, key areas, such as foraging zones, remain mostly undefined (Lascelles et al. 
2012). Protecting foraging areas, where birds spend most of their time, and likely interact 
with fisheries is an important conservation intervention (Le Corre et al. 2012). This is 
particularly true during the breeding season when protection of foraging areas could 
significantly benefit breeding success (Thaxter et al. 2012). However, in order for MPAs to 
be effective in protecting foraging seabirds, it is essential that foraging distributions can be 
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accurately predicted (Lascelles et al. 2012). Before this is possible, it is necessary to 
understand how the seabird species in question perceives the environment, and 
consequently, what features, if any, are likely to be accurate predictors of its distribution. 
There has been much investigation into the identification of seabird hotspots for 
conservation (Arcos et al. 2012; Lascelles et al. 2012). While it is believed that some coastal 
species make use of permanent oceanographic features when foraging (e.g., Fox & Mitchell 
1997), many pelagic species have large home ranges (e.g., Wood et al. 2000) and forage in 
particularly dynamic systems (e.g., Hunt et al. 1999). Therefore, in most cases, even after 
identifying important foraging areas, MPAs are generally capable of protecting the full suite 
of habitats over which seabirds forage. 
Furthermore, it should be noted that even established MPAs that were initially effective in 
conserving seabird foraging ranges, may lose their efficacy over time. For example, soon 
after the implementation of a 20 km experimental exclosure around St Croix Island, Algoa 
Bay, African penguins (Spheniscus demersus) decreased their home range to within the 
exclusion zone in response to a greater availability of prey (Pichegru et al. 2010). The 
authors concluded that even small MPAs could be effective in protecting both seabirds and 
ecosystems. However, a year later, penguins at St Croix once again extended their foraging 
past the margins of the exclosure, which was likely caused by localised prey depletion 
associated with intense fishing along the reserve edge (Pichegru et al. 2012). Such results 
highlight, clearly, the necessity of following up on the effectiveness of established MPAs by 
periodically re-evaluating their benefit for seabirds (e.g., Terauds et al. 2006; Ludynia et al. 
2012). This can be achieved by monitoring changes in seabird foraging distributions and 
population dynamics (Ronconi et al. 2012).   
1.6 The Cape gannet 
1.6.1 Morphology and distribution 
The Cape gannet is a large, monomorphic, black and white pelagic seabird with a yellow 
head and a long black gular stripe (Courtenay-Latimer 1954). On average, it weighs 2600 g, 
with a wingspan ranging between 171 and 185 cm and a body length of 84-94 cm 
(Staverees et al. 2008). It is a long-lived species with deferred maturity, attaining adult 
plumage at between four and six years of age (Courtenay-Latimer 1954). The foraging 
distribution of this species ranges from the Namibian Skeleton Coast in the north-west, along 
the South African coast to as far as Maputo Bay (Mozambique) in the north-east. Furthest 
records from colonies are almost exclusively from juvenile or immature birds (Klages 1994). 
There are records of vagrant birds from as far as Argentina (Bergkamp 1995) and Australia 
(Cameron 1981), although these are rare. 
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1.6.2 Breeding 
The Cape gannet breeds in dense colonies on six islands along the coast of Southern Africa 
(see Fig 1.1). Five of these are situated on the west coast, within the Benguela upwelling 
system and one on the south coast within the Agulhas system (Crawford et al. 1983). Of the 
five west coast colonies, three (Ichaboe, Possession and Mercury) are within Namibian 
waters, and two (Bird (Lamberts Bay) and Malgas) are situated in South African waters 
within the Benguela bioregion (Rand 1959). The sixth colony (Bird (Algoa Bay)) is situated 
on the eastern Agulhas Bank, off the eastern extent of Algoa Bay (Rand 1959). Historically, 
Cape gannets have been recorded breeding at four additional localities. In Namibia, there 
are records of birds breeding at Hollamsbird Island from 1828-1938, and at Halifax Island 
from 1843-1845, which was likely a result of displacement from Ichaboe Island, the site of 
intense guano collection at the time (Crawford et al. 1983). In South Africa, there are records 
of Cape gannets breeding on Seal Island, in False Bay during the 1600‘s, and Dyer Island in 
the 1800‘s (Crawford et al. 1983). There are also questionable records of gannets breeding 
at Marcus and Dassen Islands (Crawford et al. 1983). Cape gannets are present at the 
breeding islands throughout the year, although their numbers vary considerably during the 
non-breeding season (Rand 1959). 
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Fig 1.1: Distribution of the six extant Cape gannet colonies along the coast of Southern 
Africa.   
Breeding occurs during the summer months, peaking in activity from about October until 
March the following year (Klages et al. 1992). A successful breeding attempt lasts for 
approximately four months, during which time both parents share responsibility for brooding 
and chick-rearing. One parent remains at the nest to incubate or guard the chick, while the 
other forages. After hatching, chicks are provisioned for between 14 and 17 weeks, until 
fledging (Mullers 2009). Once the chick is large enough to defend itself (approximately 6 
weeks), its energetic demands often require both parents to forage simultaneously (Mullers 
2009). During this period, gannet chicks often fast for extended periods of time between 
feeds. The fasting capability of growing chicks increases exponentially with age, with newly 
fledged individuals having a fasting capability of between 8 and 16 days (Navarro 1992). In 
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most cases, however, adult foraging durations rarely exceed two days (Pichegru et al. 2007; 
Mullers & Navarro 2010; Green & Pistorius 2013), showing a bimodal distribution depending 
on whether the bird returns on the same or following day (Adams & Klages 1999).  
Cape gannets almost invariably produce a clutch of a single egg and the occurrence of 
double clutches is rare (Jarvis 1974). In addition, while twinning experiments have shown 
that parents are capable of raising two chicks simultaneously (Jarvis 1974; Navarro 1991), 
second clutches, mostly fail (Adams & Walter 1991). This is possibly due to a progressive 
deterioration of parental body condition, which ultimately causes abandonment (Adams & 
Walter 1991). Cape gannets show high levels of philopatry, returning to their natal colonies, 
and often their natal nest site to breed (Klages 1994). Birds on the colony edge do not show 
movement towards the colony interior in progressive seasons (Klages 1994), but there is 
some evidence that birds inside the colony are older than those at the margins (Staverees et 
al. 2008). They are aggressive birds and actively defend their nest sites throughout breeding 
(Nelson 1966). Recent rapid growth of the Bird Island colony has led to suggestions that 
intrinsic growth has been bolstered by immigration (Crawford et al. 1983), probably of 
recruits (first-time breeders), which would likely nest at the colony edge. There is, however, 
no evidence to suggest that these birds are inferior breeders to those further inside the 
colony (Navarro 2010; Green & Pistorius 2013), although breeding success tends to be 
lower on the colony edge, probably as a result of nest predation by Kelp gulls (Larus 
dominicanus) (Green & Pistorius 2013). Fledglings suffer high levels of mortality 
(Broekhuysen et al. 1961), due to starvation while learning to forage successfully (Jarvis 
1974). After about two years, sub-adults return to the breeding colony where they gather as 
non-breeders on the colony edge, gaining experience until they reach maturity at between 
three and four years of age (Nelson 1978). 
1.6.3 Foraging 
Gannets often cover several hundred kilometres in search of prey (Grémillet et al. 2004) and 
when commuting to and from prey patches they generally maintain speeds of greater than 
40 km.h-1 (Grémillet et al. 2004; Mullers et al. 2009b). Being visual predators, activity is 
mostly limited to daylight hours (Ropert-Coudert et al. 2004a). There is surprisingly little 
inter-colony competition, with little spatial overlap of breeding home ranges (Grémillet et al. 
2004). This spatial segregation is believed to be ―cultural‖ with colonies showing preference 
for particular foraging areas (Grémillet et al. 2004). Typically, gannets forage at the 
beginning and end of the foraging trip, with much time spent sitting on the water, which 
allows time for digestion of the first meal (Ropert-Coudert et al. 2004a). Adults are thought to 
initially feed themselves, while meals towards the end of the trip are to provision the chick 
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(Ropert-Coudert et al. 2004a). In order to catch their prey, gannets (as with the other 
members of the Sulidae) have developed a highly effective fishing strategy. Fish shoals are 
located from an aerial vantage point and the birds dive to catch their prey using momentum 
generated by plunging into the water at up to 80 km/h (Lee & Reddish 1981). After breaking 
its downward momentum, they use their own buoyancy to rise to the surface, expending very 
little energy (Ropert-Coudert et al. 2004b). Occasionally gannets may extend dive depth by 
propelling themselves using their wings and feet (Ropert-Coudert et al. 2004b; Ropert-
Coudert et al. 2009). However, with an average diving depth of six metres and a 
documented maximum of 12 (Adams & Walter 1993), feeding is restricted to the upper 
layers of the water column. During the breeding season, seabirds aggregate in large multi-
species feeding associations, which increase the availability of prey to surface feeding, or 
shallow diving birds such as gannets (Duffy 1983; Camphuysen & Webb 1999). 
The natural prey of Cape gannets consists of small shoaling pelagic fish, most commonly 
sardine and anchovy (Matthews & Berruti 1983; Batchelor & Ross 1984; Berruti et al. 1993). 
Sardine appears to be a favoured prey species that is actively targeted by gannets when 
available, and its proportion in the diet may give an indication of sardine stock abundance 
(Batchelor & Ross 1984). However, this might only be accurate during periods of low sardine 
biomass (Berruti & Colclough 1987). Additionally, gannets commonly feed on saury 
(Scomberesox saurus) (which may at times also form a substantial portion of the diet 
(Batchelor & Ross 1984; Berruti 1988; Klages et al. 1992)), Chub mackerel (Scomber 
japonicus) (Batchelor & Ross 1984; Klages et al. 1992), Horse mackerel (Trachurus 
trachurus) (Mullers 2009) and Red-eye round herring (Etrumeus whiteheadi) (Batchelor & 
Ross 1984; Klages et al. 1992). Major fishing activity along the west coast has increased the 
availability of fishery discards to seals and seabirds (Ryan & Moloney 1988); largely in the 
form of low energy fish such as Cape hake (Merluccius spp.), which in recent years has 
constituted a large portion of Cape gannet diet along the west coast (Grémillet et al. 2008a; 
Mullers et al. 2009a). The digestive systems of highly mobile birds, such as Cape gannets, 
are designed for rapid digestion, and are rather inefficient (Hilton et al. 2000). As such, 
gannets are probably incapable of drawing the necessary nutrients from low quality prey 
such as hake. For non-breeding adults, this can be balanced by an increase in food intake 
and a decrease in activity (Grémillet et al. 2008a). However, chicks reared predominantly on 
discards tend to grow slower and suffer relatively high mortality (Grémillet et al. 2008a; 
Mullers et al. 2009a). 
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1.6.4 Population changes 
Over the past half century, there has been both a fall in numbers, and a south- and eastward 
shift in the total population of Cape gannets (Crawford et al. 2007b). During the period of 
1956-1969 the total population numbered about 250 000 pairs (Crawford et al. 2007b). This 
decreased to about 150 000 pairs by 1978 and fluctuated around this since (Crawford et al. 
2007b). In addition to an overall population decline, there has been a shift in the centre of 
gravity of the population. Namibian waters, which previously hosted approximately 80% of 
the world population (1955/1956), contributed only 7% by 2005/2006 (Crawford et al. 
2007b), and is still rapidly decreasing (Kemper et al. 2007). During this time, the South 
African populations increased rapidly until 2000/2001, and thereafter began to decline 
(Crawford et al. 2007b). Bird Island in Algoa Bay maintained a fairly stable population of 
Cape gannets from the first record in 1755 (8 400-14 000 breeding pairs) (Ross 1978), until 
1936-1956 (10 000-18 000 breeding pairs) (Randall & Ross 1979), thereafter growing 
fivefold over the next 49 years (Crawford et al. 2007b). By 2005, it represented 
approximately 68% (98 419 breeding pairs) of the world population (Crawford et al. 2007b). 
The rapid overall population decline and restricted breeding range, together with limited prey 
availability has led the Cape gannet to be classified as Vulnerable (BirdLife International 
2013). 
 
Population changes in this species have been linked to changes in the availability of prey, 
particularly sardine and anchovy (Coetzee et al. 2008; Crawford et al. 2008). The smallest 
colonies (Namibia) suffered the greatest rates of decline (Lewis et al. 2006), suggesting that 
prey availability and not intra-colony competition (Lewis et al. 2001) resulted in negative 
population trends in this species (Lewis et al. 2006). In South Africa, sardine and anchovy 
are commercially important fish targeted by a large purse seine fishery (Fairweather et al. 
2006). From the onset of industrialised fishing of these two species in the 1950‘s, catches of 
sardine increased rapidly, peaking at around 400 thousand tons during 1962 (Coetzee et al. 
2008). However, this was not sustainable and the stock declined rapidly until its collapse in 
the late 1960‘s, thereafter remaining low until a stock rebuilding strategy was put into place 
in the mid-1980‘s (Coetzee et al. 2008), following the initiation of an annual acoustic survey 
to estimate pelagic fish biomass (Barange et al. 1999). The stock recovered well and 
catches increased until reaching >200 thousand tons annually by 2001-2005 (Coetzee et al. 
2008). This was not the case in Namibia, where, as the sardine stock collapsed, it retracted 
northwards, moving outside of the reach of the three Namibian gannet colonies (Crawford et 
al. 2007). In the Benguela system, the mid-trophic level is dominated alternately by sardine 
and anchovy (Lluch-Belda et al. 1992), thus anchovy would normally replace sardine as it 
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decreases in abundance. This was true for South Africa, where anchovy successfully 
replaced sardine after its collapse (Crawford et al. 2007). Although anchovy did increase in 
abundance within Namibian waters, it was intensively harvested to reduce competition with 
sardine in a management effort to rebuild the sardine stock (Crawford et al. 1987). This 
served only to reduce the availability of both species within the system resulting in a decline 
in the Namibian gannet population (Crawford et al. 2007b). Population declines for the three 
Namibian colonies were greatest for the southernmost colony (Possession) and lowest for 
the northernmost (Mercury), which was closest to the remainder of the sardine stock 
(Crawford et al. 2007b). In contrast, the South African anchovy stock was more successful in 
replacing sardine, allowing for the maintenance of seabird populations (Crawford et al. 
2007b). The recovery and consequent growth of the South African sardine stock in the 
1980‘s seems congruent with growth in the South African gannet population (Crawford et al. 
2007b). From about 1997, there was a rapid eastward distributional shift in the sardine 
centre of gravity (Van der Lingen et al. 2005), which reduced the availability of this species 
to the west coast gannet colonies (Bird Island (Lamberts Bay) and Malgas Island) (van der 
Lingen et al. 2006), while increasing its availability to the south coast colony at Bird Island, 
Algoa Bay (Crawford et al. 2008). However, years of consistently poor recruitment caused 
another decline in the sardine stock following 2005 (Coetzee et al. 2008). 
 
An additional threat to Cape gannets, over and above food shortages, lies in predation at 
breeding colonies. Cape fur seals (Arctocephalus pusillus pusillus) have had a significant 
impact on breeding gannets, killing an estimated 6 000, 10 000 and 11 000 gannet fledglings 
off Malgas Island in 2000, 2003 and 2005 respectively (Makhado et al. 2006). In 2005, heavy 
disturbance by bull seals on Bird Island, Lamberts Bay, led to complete colony abandonment 
(Wolfaardt & Williams 2006). There has also been an increase in the incidence of predation 
on gannet chicks by Great White pelicans (Pelicanus onocrotalus) at Malgas Island, which is 
believed to be contributing to its decline (de Ponte Machado 2007). On Bird Island, Algoa 
Bay, the dominant predator is the Kelp gull, which targets eggs and small chicks, and peaks 
in numbers at the island during the gannet breeding season (Dec-Mar) (Whittington et al. 
2006). However, culling of gulls in an effort to limit their impact on breeding African penguins 
(Pichegru 2012), has simultaneouslyreduced the rate of egg and chick predation on gannets. 
 
1.7 Rationale for this study 
Bird Island, Algoa Bay, now hosts the majority of the world population of Cape gannets and, 
as such, is important in terms of conservation. With the bulk of the total population being 
situated on this island, this species is inherently vulnerable to the effects of localised 
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perturbations such as the spread of disease, or declines in prey availability. This is 
exacerbated by the isolated nature of the colony (the nearest colony being at Malgas Island, 
which, in a straight line, is 780 km from Bird Island). Furthermore, there is little possibility for 
eastward expansion of the population range due to an absence of suitable offshore islands. 
Although this population has grown over the last fifty years, it appears to have remained 
relatively stable since 2005 (Oceans and Coasts, unpublished data), which may be due to 
density dependent factors such as intraspecific competition for prey resources (Moseley et 
al. 2012).  
Over the past 30 years, the temperature structure of the Agulhas System has undergone 
considerable change (Rouault 2011). This has not been consistent across the system 
however, and both regional warming and cooling have been recorded. Since the early 
1980‘s the Agulhas Current itself has warmed significantly (Rouault et al. 2009), whereas 
inshore regions over the Agulhas Bank have generally cooled (Roy et al. 2007). The eastern 
extent of the Agulhas Bank (Port Elizabeth to Port Alfred) has shown progressive cooling 
centred on the winter months of May to August (Rouault et al. 2010). This cooling has been 
linked to an increased incidence of south-easterly and easterly winds, which promote 
upwelling (Rouault et al. 2010). Intensification of the flow is likely to increase the magnitude 
and scale of shelf-edge upwelling (Gill & Schumann 1979), the cooling effects of which could 
significantly impact on species assemblages and pelagic fish stocks (Lutjeharms et al. 
2001). Such effects have already been documented for the Benguela system (Shannon et al. 
1992), and there is evidence of change along the south coast (Rouault et al. 2010). 
However, on top of these long-term effects, it has been found that much of the inter-annual 
variability could be driven by the El Nino Southern Oscillation (ENSO) (Rouault et al. 2010). 
ENSO events are significantly correlated with south coast temperatures during late summer 
and autumn (February to May) (Rouault et al. 2010) and affect the upwelling regime by 
suppressing upwelling during El Nino and enhancing it during La Nina (Rouault et al. 2010).  
In light of such change, it is important to assess the health status of this Cape gannet colony, 
as a means of predicting future population trends, and informing conservation decisions. 
Currently, there are plans underway for the expansion of the Greater Addo Elephant 
National Park (GAENP) MPA, which includes Bird Island within its boundaries and may 
provide significant levels of protection for gannets foraging within Algoa Bay. It would be 
beneficial to determine the level of protection afforded to the species by the current MPA 
network, and estimate how this would increase with the implementation of the GAENP MPA 
expansion.  
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1.8 Aims and objectives 
Within this dissertation I evaluate changes within the Cape gannet colony at Bird Island, 
Algoa Bay by way of a comprehensive long-term dietary analysis (spanning 34 years), and 
three sequential years of tracking data. Both dietary changes and foraging distribution are 
viewed in relation to recent system changes and population status. 
In chapter 2, I provide an overview of the study area, and the physical processes that 
dominate it. I also briefly describe the distribution and availability of primary productivity 
within the shelf waters off of the southern coast of South Africa. 
In chapter 3, I discuss long-term dietary change in terms of composition, and the prevalence 
and size of dominant species. Furthermore, I compare the abundance and size of sardine 
and anchovy in gannet diet against estimates of its availability to assess whether dietary 
shifts reflect changes in the environment. I then assess whether there are any relationships 
between the dietary abundance of sardine and anchovy and the total purse-seine catch of 
each species for the area. 
In chapter 4 I investigate the home range of Cape gannets across three years, and test for 
changes in foraging effort, which may be reflective of estimates of prey availability. 
Furthermore, I test for habitat preference by comparing the biophysical conditions associated 
with foraging birds, against those available within the home range as a whole. Finally, I 
evaluate current levels of protection afforded to the species by the current MPA network, and 
the proposed GAENP MPA expansion. 
Chapters 3 and 4 have been written as stand-alone papers, and as such may show some 
level of repetition in terms of their introductions, methods and discussions. 
In chapter 5, I tie together chapters 3 and 4 with a synopsis of the results of this study. This 
chapter largely serves as a summary of this masters project, rather than as a means of 
speculation, or identifying areas which require further study. 
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Chapter 2  
Study Area 
 
2.1 Location 
For the purpose of this investigation, the study area was confined to within the geographical 
foraging range of the Cape gannet colony at Bird Island, Algoa Bay (see Chapter 4). This 
was defined as the portion of the south and south-east coast of South Africa that stretches 
from Plettenberg Bay (34°03′S 23°22′E) in the west, to Port Alfred (33°36′S 26°53′E) in the 
east. Preliminary data analyses showed that gannets were not found in waters seaward of 
the 1800 m isobath, which was consequently used to define the southern extent of the study 
area. Oceanographic processes were however not restricted to this area defined above, and 
for this reason, the oceanography of the area is described across the Agulhas Bank as a 
whole. 
2.2 Bird Island 
Bird Island is the largest of a group of three islands situated about 65 km from Port Elizabeth 
at the eastern extent of Algoa Bay with the nearest landfall being Woody Cape, some 8 km 
to the east (Dali 2011). It is a low, flat island approximately 19 ha in size, with a maximum 
altitude of 10 m (Klages et al. 1992). The underlying geology is an outcrop of Table Mountain 
quartzite, which is overlain mostly by a thick accumulation of guano deposits (Klages et al. 
1992). Pebbles and small rocks cover the rest of the island, although much of this is hidden 
by thick growth of Mesembryanthemum spp., Tetrapodium spp. and Chenopodium spp. 
(Rand 1963). The Cape gannet colony currently spans an area of 2.4 ha (P. Pistorius 
unpubl. data) along the south eastern extent of the island. 
The climate within the study area is mild, with mean monthly temperatures peaking in Jan-
Feb (mean: 22oC; max: 26oC, min: 18oC), and reaching a low during winter or early spring 
(mean: 17oC; max: 21-22oC, min: 12-13oC) (Stewardson et al. 2012). Bird Island receives 
roughly 600 mm of rain annually, although this value varies considerably (Stewardson et al. 
2012). In general, the highest rainfall months are December, January and September (mean: 
97.4 mm), whereas lows are recorded in July and October (mean: 28.6 mm)(Stewardson et 
al. 2012). During the summer months, wind direction is predominantly easterly, swinging to 
westerly outside of summer (Stewardson et al. 2012). 
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2.3 Geography of the coastline and the Agulhas Current 
The southern and eastern coastlines of South Africa and their associated shelves have 
markedly different characteristics. Typically, the eastern coast is characterised by an 
absence of well-defined bays and capes, and a narrow continental shelf (Martin & Flemming 
1986) with a steep slope (de Ruijter et al. 1999), attaining sizeable depths close to the coast. 
Westwards from about East London, the continental shelf broadens into the Agulhas Bank, 
which extends out from the southern coast. The Agulhas Bank is roughly triangular in shape, 
reaching a breadth of 300 km at its widest point, south of Cape Agulhas (Lutjeharms et al. 
1996). For the most part, this bank is shallow (<200m) (Blanke et al. 2009) and decreases in 
depth westward as it broadens (Lutjeharms et al. 1996). The coastline inshore of the 
Agulhas Bank is more complex than the eastern coast and is comprised of numerous 
shallow log-spiral bays, and pronounced capes (Martin & Flemming 1986), the seaward 
topography of which drops rapidly (Schumann et al. 1982). Both coasts (westwards as far as 
Cape Agulhas) fall within the Agulhas system, with oceanographic features derived from the 
Agulhas Current. Westwards of Cape Agulhas, the bank is dominated by the Benguela 
Current, and forms the eastern margin of the Benguela upwelling system (Shannon 1985).  
The Agulhas Current is a south-westward flowing current formed through input from the 
Mozambique current, and the East Madagascar Current (Lutjeharms 2007). It is one of the 
world‘s major western boundary currents (Gründlingh 1980) and flows strongly down the 
eastern and southern coasts of South Africa, bringing with it warm, saline, and nutrient poor 
tropical waters (Lutjeharms 2007). Along the eastern coast, the narrow shelf allows the 
current to hug the coast, but broadening of the shelf from around East London diverts the 
flow seawards, reducing its influence on the inshore environment. Downstream of Port 
Elizabeth, the continued widening of the continental shelf into the Agulhas Bank decreases 
the stability of the current, thereby increasing tendencies for the development of large scale 
flow  anomalies such as current meanders, eddies and warm water plumes (Lutjeharms et 
al. 2000).  
2.4 Oceanographic processes that drive nutrient introduction 
In comparison to the highly productive Benguela upwelling system along the Southern 
African west coast, productivity in the Agulhas system is fairly low (average Chl a 
concentration are 2.15 mg.m-3 in the Benguela system and 1.48 mg.m-3 in the Agulhas 
system; Probyn et al. 1994). This is particularly true for the broad central and eastern 
portions of the Agulhas Bank, which receive little nutrient input from the Agulhas Current. 
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Nonetheless, while not as widespread as those on the west coast, there are upwelling 
mechanisms by which nutrients are introduced into the surface waters of the Agulhas system 
and which have a considerable influence on productivity (Probyn et al. 1994; Probyn et al. 
1995). These mechanisms are broadly divided into two categories, namely: current forced 
upwelling, predominantly at the shelf edge (Lutjeharms et al. 2000), and wind induced 
upwelling, which takes place over the shelf itself (Schumann 1999). 
Along the inshore boundary of the Agulhas Current, two forms of persistent current induced 
upwelling have been described. Sheer between the inside edge of the current and the 
continental shelf with resultant Ekman transport, is well known for forcing cold bottom waters 
upward towards the surface (Gill & Schumann 1979), a phenomenon typical of all western 
boundary currents (Condie 1995). A second form is brought about when the current flow is 
diverted by an ever widening continental shelf (Gill & Schumann 1979). Interactions between 
the broadening shelf at the eastern extent of the Agulhas Bank, and the Agulhas Current 
have been linked to the maintenance of quasi-permanent features (Lutjeharms et al. 2000), 
such as the upwelling cell at the far eastern extent of the Agulhas Bank near Port Alfred 
(Rouault et al. 1995). Associated with current sheer is the formation of sheer edge eddies 
(50-100 km; Lutjeharms et al. 2003), which form as the current flows past the continental 
shelf. These eddies produce localised upwelling cells in their centres and may eventually 
bring this upwelled water onto the shelf (Lutjeharms et al. 1989; Goschen & Schumann 
1990). There has been some speculation as to the effectiveness of shelf edge upwelling in 
replenishing nutrient loads across the extent of the Agulhas Bank (Schumann & Beekman 
1984). This seems to be confirmed by east-west bank comparisons, which show that after 
shelf edge upwelling, the entire breadth of the narrow far eastern bank is covered by 
upwelled water, whereas the broad central bank remains largely unaffected (Lutjeharms et 
al. 1996). This perhaps explains the relatively low productivity recorded across the central 
Agulhas Bank (Probyn et al. 1994), where the shelf is at its widest.  
Upwelling may also be brought about through transient current events such as meanders 
(Lutjeharms et al. 2000). Like sheer edge eddies, Agulhas Current meanders originate from 
sheer along the shelf edge, producing large finger like plumes of warm Agulhas water, which 
often project out across the continental shelf. Meanders grow as they progress downstream 
(Lutjeharms et al. 1989) and produce cyclonic eddies, which are responsible for localised 
upwelling. As with shelf edge processes, the broad continental shelf may restrict the spatial 
extent of such intrusions, highlighting the importance of shelf processes that increase the 
spatial extent of upwelling. Wind, for example, can force Agulhas plumes further over the 
shelf and occasionally well into the bays. Goschen and Schumann (1994) described such an 
anomaly in 1988.  
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The rather localised impact of meanders and eddies is probably linked to their small size 
(average diameter of about 15 km; Gründlingh 1983). Lutjeharms and Roberts (1988) 
documented a much larger, periodic meander, the Natal Pulse, which often exceeds 170 km 
in diameter as it progresses along the coast. This event originates as one of a number of 
cold-cored cyclonic coastal trapped eddies in the Natal Bight; the result of shallow 
topography and current forcing. When one such eddy escapes, it forms the beginning stages 
of a Natal Pulse and is driven along the coast on the inshore edge of the Agulhas Current, 
showing continuous lateral growth. Upon encountering the widening shelf of the Agulhas 
Bank, the pulse slows from approximately 21cm.s-1 to 5cm.s-1 (Lutjeharms & Roberts 1988). 
As is the case with smaller meanders, cold water upwelled by cyclonic eddies in their lee 
may be brought onto the shelf. 
These processes, bringing about both permanent and transient upwelling cells, take place to 
varying extents along the entire length of the shelf. However, Lutjeharms et al. (1996) 
suggested that the upwelling cell on the far eastern Agulhas Bank is the dominant 
contributor of upwelled water onto the bank. It must also be noted that whereas off the shelf 
edge, upwelled waters may reach the surface layers of the water column, on the shelf they 
form a basal layer underneath warm nutrient poor surface water (Goschen & Schumann 
1988). Warm Agulhas eddies and plumes continuously feed the upper layers of the shelf‘s 
water column (Probyn et al. 1995), further increasing the thermal disparity between layers. 
The resultant double layer system (Swart & Largier 1987) serves only to strengthen the 
seasonal thermocline (Chapman & Largier 1989) and prevents the replenishment of surface 
nutrients. Shelf processes are responsible for vertical nutrient transfer across the water 
column, and may involve turbulent seasonal mixing (Swart & Largier 1987), or wind driven 
upwelling (Schumann et al. 1982).  
Unlike the Benguela system, where upwelling occurs relatively consistently along the 
Southern African west coast, along the south coast upwelling is largely centred on the 
capes. Schumann et al. (1982) described a typical upwelling event for the south coast. 
Moderate to strong easterly winds force the landward barotropic movement of the waters 
within the bay. Due to the shallow depths of the bay, direction of movement is generally 
aligned with the prevailing wind (i.e. westwards) and results in downwelling within the bay. 
However, wind forcing of the deeper waters off the southern margin of the cape, would result 
in Eckman drift and consequent offshore movement of the surface waters. The coastal 
divergence associated with this acts as a nucleating point for upwelling. Coastal jets 
associated with upwelling will then transport cold upwelled water westwards (Fig 2.1). In this 
way, upwelling begins around the capes and by means of continuous wind forcing, spreads 
throughout the bay. Upwelling of this nature has been documented for four capes along the 
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south-east coast: Cape Padrone (Goschen et al. 2012), Cape Recife (Schumann et al. 1982; 
Beckley 1983; Goschen & Schumann 1995), Cape St Francis (Schumann et al. 1982) and 
Cape Seal (Robberg Peninsula) (Schumann et al. 1982). Although upwelling patterns are 
highly variable, the upwelling cells in the lee of Cape St Francis (Schumann et al. 1982; 
Hanekom et al. 1989), and Woody Cape and Cape Padrone (Goschen et al. 2012) appear to 
be the most extensive.  
Coastal upwelling is strongly dependent on wind magnitude, direction and duration 
(Goschen & Schumann 1995). Typically, there is some degree of lag between the onset of 
wind forcing and the first appearance of surface upwelling (Goschen et al. 2012). Along the 
south coast, moderate to strong easterly winds seldom last longer than 2-6 days (Schumann 
1999), and most last only 1-2 days. In comparison, upwelling winds along the west coast 
may prevail for much longer (Lutjeharms 1981; Schumann 1999). This has implications for 
plankton bloom development, and consequently has been linked to the lower production 
efficiency of the Agulhas Bank (Schumann 1999).  
 
 
Fig 2.1: Schematic representation of wind-induced coastal upwelling (adapted from 
Schumann et al. 1982). 
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2.5 Ocean productivity 
The Agulhas Bank as a whole is characterised by a strong, shallow thermocline, with an 
associated subsurface Chl a maximum that is distributed heterogeneously (Carter et al. 
1987). In general, the areas of highest productivity are over the eastern Agulhas Bank, and 
the shelf edge of the central Agulhas Bank (Lebourges-Dhaussy et al. 2009). Across the 
eastern Agulhas Bank Chl a concentrations of greater than 2 mg.m-3 may be found over the 
mid-shelf, with maxima occurring both inshore and offshore (see Fig 2.2) (Probyn et al. 
1994). The inshore maximum, situated at between 10 and 20 m depth is deeper than the 
surface maximum for inshore waters on the west coast and the offshore sub-surface 
maximum is shallower and more intense than that for the western and central Agulhas Bank 
(Probyn et al. 1994). Also, due to the narrowing of the shelf at the eastern extent of the bank, 
the offshore maximum tends to penetrate over the shelf and the upwelling zone extends 
fairly close to shore (Probyn et al. 1994). Furthermore, the generally shallow, intense 
thermocline of the eastern Agulhas Bank allows for greater primary productivity than the 
deeper and less pronounced thermoclines of regions to the west (Carter et al. 1987). 
Another site of pronounced productivity is a cold water ridge which extends seawards south 
of Cape Seal and Cape St Francis (Fig 2.2) (Boyd & Shillington 1994; Probyn et al. 1994), 
which in fact contains the highest concentrations of Chl a (>3 mg.m-3) recorded for the south 
coast (Demarcq et al. 2003). The process driving the development of this ridge is still 
speculative, with some believing it to be current driven and quasi-permanent (Swart & 
Largier 1987), while others hold that it is derived from wind forced upwelling at Cape St 
Francis (Walker 1986).  
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Fig 2.2: Schematic representation of the generalised distribution of primary productivity 
across the eastern Agulhas Bank (as described in Probyn et al. 1994). 
 
2.6 Seasonality 
Productivity over the Agulhas Bank is seasonal and peaks during the summer months when 
solar irradiation is not limiting. Solar radiation drives surface warming in summer, leading to 
the development of a strong seasonal thermocline as far east as Cape Padrone (Goschen & 
Schumann 1988). This thermocline is most pronounced in mid-summer and may be further 
strengthened by surface intrusions of warm Agulhas plumes (Largier & Swart 1987; Swart & 
Largier 1987). In contrast, spring and autumn, associated with a slightly weaker thermocline 
and greater vertical mixing, are characterised by peaks in seasonal productivity (Brown 
1992). Turbulence breaks down the thermocline and allows mixing of the entire water 
column, reintroducing nutrients into the upper layers. As this takes place during winter, it 
serves only to increase nutrient availability for the following summer (Swart & Largier 1987). 
However, wind driven upwelling, which brings basal waters to the surface, is most frequent 
during the summer months. At Cape Padrone, the combined effects of wind stress and 
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current forced upwelling prevent the development of the summer thermocline, and the water 
column remains partially mixed through the summer months (Goschen & Schumann 1988). 
Although seasonality is most pronounced for inshore waters where summer insolation has a 
greater effect, patterns are also evident for offshore waters (Brown 1992). Productivity differs 
between inshore and offshore waters in summer, when an increased frequency of wind 
induced upwelling results in inshore waters being significantly more productive (Brown 
1992). However, during winter, the frequency of easterly component winds is reduced due to 
the northward migration of the South Atlantic High Pressure Cell (Taunton-Clark & Kamstra 
1988). As a consequence, during this period, the difference in production between inshore 
and offshore waters is not significant (Brown 1992).  
2.7 Protection 
Currently, five formal MPAs are situated within the foraging range of the Cape gannet colony 
at Bird Island, Algoa Bay. These include the GAENP MPA, Sardinia Bay MPA, Tsitsikamma 
National Park MPA and Robberg Nature Reserve MPA, which constitute no-take zones 
where fishing activity is prohibited (Fig 4.1). However, all, with the exception of island 
reserves, are restricted to the nearshore environment. Recently, an expansion of the 
GAENP MPA has been proposed, which will see the protection of a considerable portion of 
Algoa Bay. Although this area will be strictly managed, the MPA will not be entirely no-take 
and it will make use of spatially explicit zoning to control fishing (Oosthuizen 2010). 
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Chapter 3 
Dietary change in Cape gannets reflects distributional and 
demographic shifts in two South African commercial fish stocks 
 
Abstract 
Seabirds are upper trophic level predators, which are often highly sensitive to changes in the 
availability of their prey. Altered prey assemblages resulting from fluctuations in 
oceanographic conditions may be mirrored by shifts in seabird diet. Long-term studies of 
dietary change in seabirds therefore provide valuable insight into the nature of environmental 
shifts within the systems in which they forage. In recent decades, the Agulhas region has 
undergone significant oceanographic change related to warming and intensification of the 
Agulhas current.  Concurrent with this change, the population of Cape gannets at Bird 
Island, Algoa Bay, has grown rapidly, probably as a result of an increased availability of its 
dominant prey items, sardine and anchovy. Over 34 years, diet samples were collected from 
Cape gannets at Bird Island and tested for changes in composition and the abundance of 
dominant prey species. Long-term changes in the abundance of dominant prey species were 
also compared with acoustic survey estimates of their biomass, and annual catch. Since 
1979, the prey composition has remained similar, but the dietary contribution of sardine and 
anchovy has increased significantly. These shifts seem to be reflective of fluctuations in the 
stock size of sardine and anchovy. Conversely, a third species, saury, dominant in the non-
breeding diet of the 1980‘s, decreased significantly in dietary abundance over the following 
two decades. It is suggested that dietary shifts of Cape gannets at Bird Island are related to 
climate mediated oceanographic change. The implications of such change are discussed.  
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3.1 Introduction 
High energetic demands in seabirds make them particularly sensitive to changes in prey 
abundance and availability (Piatt et al. 2007). Shifts in prey availability and assemblages of 
forage species are often driven by climatic changes (Abraham & Sydeman 2004) or heavy 
fishing pressure (Becker & Beissinger 2006) and may be reflected in the diet of seabirds. A 
climate induced regime shift caused a reduction in the availability of lipid-rich prey for Red-
legged kittiwakes (Rissa brevirostris) on the Pribilof Islands (Kitaysky et al. 2006). Chicks 
fledged on an alternative diet of lower quality prey suffered high mortality, and recruitment 
into the colony was low. Likewise, a collapse of the sardine (Sardinops sagax) fishery in 
central California attributable to fishing and environmental change forced Marbled murrelets 
(Brachyramphus marmoratus) to modify their diet to a lower trophic level (Becker & 
Beissinger 2006). Similar diet modifications towards lower quality prey have been linked to 
low breeding success (Wanless et al. 2005). However, there are also cases in which dietary 
change has had positive influences on seabirds. For example, an oceanographic regime 
shift in the north Atlantic resulted in an increase in Northern gannet (Morus bassanus) 
population numbers due to the introduction of lipid-rich warm water migratory species into 
the diet (Montevecchi & Myers 1997). 
Along the Southern African west coast, the highly productive Benguela upwelling system 
supports purse-seine fisheries directed at sardine and anchovy (Engraulis encrasicolus) 
(Fairweather et al. 2006). Historically, the Benguela system supported a large sardine 
biomass, but heavy exploitation of sardine contributed to major stock declines of this species 
off both Namibia and South Africa (Crawford et al. 1987). As the Namibian sardine stock 
collapsed, its range shifted northwards, away from major seabird breeding localities 
(Crawford et al. 2007b). In South Africa, the centre of gravity of both the sardine and 
anchovy stocks shifted progressively southward, and more recently, eastward (Van der 
Lingen et al. 2005; Fairweather et al. 2006; Roy et al. 2007). These distributional changes 
have had a significant impact on marine top predators, causing many to suffer substantial 
population declines (Crawford et al. 2008; Crawford et al. 2011). 
One such species is the Cape gannet (Morus capensis), a large pelagic seabird endemic to 
the shelf waters of Namibia and South Africa (Crawford et al. 1983). It is a medium-distance 
forager, capable of covering several hundred kilometres in a single foraging trip (Pichegru et 
al. 2007; Mullers et al. 2009b). Its natural diet is dominated by three fish species namely 
sardine, anchovy and saury (Scomberesox saurus) (Batchelor & Ross 1984; Klages et al. 
1992; Berruti et al. 1993), which it catches by plunge diving (Ropert-Coudert et al. 2004b). 
Breeding is currently restricted to six islands (Namibia: Ichaboe, Possession, Mercury; South 
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Africa: Bird at Lambert‘s Bay, Malgas, Bird at Algoa Bay) (Rand 1959; Crawford et al. 
2007b). In the mid-1950‘s, the bulk of the gannet population was located in Namibian waters 
(Rand 1959; Crawford et al. 2007b), but corresponding with an altered distribution of sardine 
and anchovy, the centre of gravity of Cape gannets has moved south- and eastwards 
(Crawford et al. 2007b). Of the six breeding colonies, the five westernmost are in decline and 
the easternmost (Bird at Algoa Bay) has increased (Crawford et al. 2007b). Overall, the total 
population has decreased by approximately 40% since the mid-1950‘s (Crawford et al. 
2007b), leading to classification of the species as Vulnerable (BirdLife International 2013). 
Considerable dietary changes have been noted along the west coast, and of particular 
concern has been an increased contribution of fishery discards (mostly hake Merluccius 
spp.) to the diet of Cape gannets (Pichegru et al. 2007; Mullers et al. 2009a). While discards 
represent an easily accessible and abundant resource (29 619 tons of hake being discarded 
annually along South Africa‘s west coast; Walmsley et al. 2007), they are not a suitable 
nutritional alternative to natural prey (Batchelor & Ross 1984; Mullers et al. 2009a). Gannet 
chicks reared on discards tend to have relatively low chances of survival (Pichegru et al. 
2007; Mullers et al. 2009a), which has in all likelihood contributed towards negative 
population growth of western Cape gannet colonies.  
During the 1970‘s and 1980‘s the diet of Cape gannets at Bird Island (Algoa Bay) consisted 
predominantly of sardine, anchovy and saury, with substantial inter- and intra-annual 
variation in the contributions of these three species (Klages et al. 1992). Subsequently, 
however, the marine environment off southern South Africa has changed (Rouault et al. 
2009), and there has been an eastward shift in the distributions of sardine and anchovy, 
which probably influenced the rapid and continued growth of the gannet colony at Bird Island 
(from 56 869 in 1991/1992 to 98 419 breeding pairs in 2005/2006) (Crawford et al. 2007b). 
Concurrent with these changes, the annual purse-seine catch of sardine in South Africa‘s 
Eastern Cape Province increased since 2001 (Coetzee et al. 2008).  
To better understand marine ecosystem changes in the Eastern Cape, including changes in 
food available to Cape gannets, I explore Cape gannet dietary data collected over the period 
1979-2012. I test for long-term and seasonal changes in the diet of Cape gannets at Bird 
Island, and predict a gradual increase in the dietary contribution of sardine and anchovy 
resulting from a greater availability of these species within Eastern Cape waters, but a 
decrease in sardine after the mid 2000‘s following the rapid decline of South Africa‘s sardine 
stock at that time. Furthermore, I compare changes in the abundance of sardine and 
anchovy in the diet of gannets with acoustic survey density estimates and total annual 
catches of these species. 
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3.2 Materials and Methods 
3.2.1 Diet data collection 
Sampling was conducted at Bird Island (33o50‘S 26o17‘E), situated at the eastern margin of 
Algoa Bay along the south coast of South Africa, within the Agulhas bioregion (Fig 3.1). 
Regular diet sampling at Bird Island, Algoa Bay, commenced in 1979 (Batchelor & Ross 
1984) and has since taken place at varying frequencies. For the duration of this Masters 
study (Dec 2011 – Mar 2013), monthly sampling was resumed (Appendix A). The study 
period spans 34 years with the 1980‘s and 1990‘s well covered, but with lower sampling 
frequencies during the 2000‘s (Appendix A).  
 
Fig 3.1: Location of Algoa Bay and the Bird Island group along the southern coast of South 
Africa. The stippled area depicts the extent of the Cape gannet colony at Bird Island in 2013. 
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Typically, diet sampling took place throughout the day, but was focused around mid-morning 
and late afternoon, coinciding with a peak in gannets returning to the colony (Batchelor & 
Ross 1984). Birds that landed heavily along the colony edge were caught using a crooked 
pole and upended over a bucket to induce regurgitation. Additional samples were collected 
opportunistically when birds were seen to regurgitate, either due to human disturbance or 
handling related to other studies.   
Each sample was weighed (to the nearest gram) and separated into its constituent species, 
which were individually weighed. The number of individuals from each species was 
estimated from counts of whole fish and the number of heads and tails of each species 
present within the sample. Fork lengths (FL: 1979-2004) or caudal lengths (2004-2012) of all 
whole fish were measured. For fish in a state of advanced digestion, otoliths lengths were 
used to calculate FL, which was in turn used to calculate mass both by means of species 
specific regressions (Smale et al. 1995). Caudal lengths were converted to FL by means of 
back calculating otolith length from regressions for caudal length (Smale et al. 1995). 
Species that were not immediately identifiable, were cross referenced against Smith (2003). 
3.2.2 Temporal scale 
Due to the sporadic nature of sampling, especially during the latter third of the study 
(2000‘s), monthly samples were grouped into two seasons: the non-breeding season, 
centred largely on winter (Apr – Sep) and the breeding season (Oct – Mar); following Klages 
et al. (1992). The data were then further grouped into three periods (1980‘s, 1990‘s and 
2000‘s) to assess decadal changes in diet composition. To test for annual trends in the diet, 
only breeding season data were used due to the non-breeding season being under-sampled 
during the 2000‘s. Across the 34-year period, with the exception of a single year (2000) all 
breeding seasons were sampled. For the purpose of this study, one breeding cycle began at 
the onset of the non-breeding season (April) and ended following the conclusion of breeding 
in March the following year (Klages et al. 1992). The diet was divided into five prey groups, 
namely sardine, anchovy, saury, other live prey (OLP) and fishery discards (discards). 
Species were classified as discards if they were known contributors to the annual trawl 
catch, and/or if their habits (e.g., benthic) left them otherwise unavailable to foraging Cape 
gannets (Klages et al. 1992). 
Monthly and seasonal data were analysed according to four criteria; percentage numerical 
abundance, frequency of occurrence, percentage mass and FL. Percentage numerical 
abundance (%NA) represented the proportional number of a particular prey group recorded 
during that month or season, in relation to the total number of prey items recorded over the 
same period. Frequency of occurrence (FO) was calculated as the percentage of the total 
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number of samples within each month, and season in which a particular prey group was 
found. Percentage mass (%Mass) referred to the mass of a prey group as a proportion of the 
total monthly and seasonal mass of all prey in the diet. From 1979 to 2004, mass data were 
obtained in the form of reconstituted mass. As such, %Mass of each prey group during this 
period represents the reconstituted mass of that prey group relative to the overall 
reconstituted mass of prey. However, following 2004, mass data were recorded as wet 
mass. Thus, over this period, %Mass represented the mass of each prey group relative to 
the overall wet mass. Due to these differing protocols, %Mass was used only to support the 
trends shown by %NA and FO. 
3.2.3 Comparisons with survey and catch data 
For comparison with gannet diet, adult small pelagic fish density data from the annual 
summer acoustic survey (available since 1984; Coetzee et al. 2008) and catch data for the 
Eastern Cape purse-seine fleet were obtained from the Department of Agriculture, Forestry 
and Fisheries (DAFF). The survey covers the entire extent of the shelf area from Hondeklip 
Bay to Port Alfred between October and December each year and is conducted along 
randomly spaced, parallel transects (perpendicular to the coastline), which have been pre-
stratified to increase precision of the estimates (Barange et al. 1999). Density estimates 
(g.m-2), for sections of transects that fell within 200 km of Bird Island, were extracted for the 
estimation of average annual density of sardine and anchovy within the gannet foraging 
range. As the survey is always conducted at the same time of year (Oct-Dec), these density 
estimates were compared against the average contributions of species to the diet during the 
breeding season (samples collected from Oct to Mar) only. Although catch (tons) data for 
sardine and anchovy are available from the late 1940‘s, they have only been spatially 
disaggregated since 1987 (Fairweather et al. 2006). Comparisons between sardine and 
anchovy catches and the proportions of sardine and anchovy in the diet were therefore 
performed for the period 1987-2012. 
3.2.4 Statistical analyses 
To test for changes in diet composition between seasons and across years, a permutational 
multivariate analysis of variance (Adonis, method = ‖bray‖, permutations = 5000) was 
performed, using package ‗vegan‘ (v. 2.0-8) (Oksanen et al. 2013) in R (v. 3.0.1 for 
Windows) (R Core Team 2013). Using the ‗strata‘ function within Adonis, we tested for 
seasonal differences independently between decades, within a single analysis. Likewise, we 
tested for decadal changes in the composition of the diet for both seasons. Differences were 
illustrated using non-Multidimensional Scaling (n-MDS) with a maximum of 20 iterations. 
Ordination ellipses and ordination spiders (Oksanen et al. 2013) were used graphically to 
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demonstrate differences between seasons and decades, respectively. Seasonal changes in 
the contribution to the diet and mean FL of the three dominant prey species were tested 
using Mann-Whitney U-tests, and long-term change was assessed using regression 
analyses. Segmented regressions were used to assess long-term change in cases where 
abrupt changes in trends were evident. Correlations were used to investigate relationships 
between the contribution of anchovy and sardine to the diet, and their densities in the 
surveys and their catch data. Where necessary, the dependent variable for regression 
analysis was square-root or log-transformed (depending on the severity of non-normality) to 
meet the assumption of residual normality. 
 
 
3.3 Results 
3.3.1 Diet composition 
In total, 57 729 prey items representing 55 types (of which 49 were identified to species 
level) were recorded in the diet of Cape gannets over the course of this study (Appendix B). 
However, many prey species were recorded infrequently and contributed little to the overall 
diet. As a result, diet diversity was generally low and dominated by a few species. The three 
predominant species (sardine, anchovy and saury) constituted 93.5% of the overall diet by 
%NA. A further 5.7% was made up by other live prey species, predominantly Chub mackerel 
(Scomber japonicus), Horse mackerel (Trachurus trachurus), Red-eye round herring 
(Etrumeus whiteheadi) and Chokka (Loligo vulgaris), discards, mainly hake (Merluccius 
spp.), constituted the remainder (0.8%) of the diet.  
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3.3.2 Seasonal 
The five main prey groups (sardine, anchovy, saury, OLP and discards) were all present in 
both seasons, resulting in considerable dietary overlap between breeding and non-breeding 
seasons. Composition of the diet, however, changed significantly between seasons over the 
three decades (%NA: F=14.19, p<0.001; FO: F=19.54, p<0.001; %Mass: F=21.41, p<0.001) 
(Fig 3.2). During the breeding season the diet was almost exclusively composed of sardine 
and anchovy. In contrast, outside of the breeding season a broader range of species, 
characterised by a larger proportion of saury, OLP and fishery discards, was consumed. 
These differences were most evident during the 1980‘s and 1990‘s. During the 2000‘s 
substantial dietary overlap between seasons resulted from an increase in the contribution of 
sardine and anchovy to the non-breeding diet of Cape gannets. 
Of the three dominant species, sardine and anchovy contributed a higher proportion to the 
breeding diet than to the non-breeding diet, whereas saury was most prevalent in the non-
breeding diet (Fig 3.3). For both sardine and anchovy, these seasonal differences were most 
noticeable during the second decade (1990‘s) when their dietary contribution was 
significantly higher during the breeding season (%NA, FO and %Mass; Table 3.1). During 
the 1980‘s and 2000‘s seasonal differences in sardine contribution were weakly significant, 
but there were no significant seasonal differences in the case of anchovy (Table 3.1). The 
contribution of saury was significantly higher during the non-breeding seasons of the 1980‘s 
and 1990‘s, but during the 2000‘s these differences were only weakly significant (Table 3.1).  
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Table 3.1: Seasonal differences in dietary contribution of the three dominant prey species in 
Cape gannet diet within each of the three decades of the study. 
Abundance 
criterion 
Test 
parameter 
Sardine Anchovy Saury 
1980's 1990's 2000's 1980's 1990's 2000's 1980's 1990's 2000's 
%NA 
p 0.04 0.07 0.2 0.19 0.03 0.9 <0.001 0.001 0.07 
t-value 2.12 1.83 1.33 1.32 2.19 0.12 -3.72 -3.62 -1.95 
df 56 47 21 50 41 22 37 24 16 
FO 
p 0.1 <0.001 0.06 0.25 0.01 0.81 <0.001 <0.001 0.05 
t-value 1.65 3.79 2 1.16 2.61 0.24 -3.98 -4.06 -2.15 
df 55 45 24 53 43 21 43 25 15 
%Mass 
p 0.04 <0.001 0.03 0.2 0.04 0.75 <0.001 <0.001 0.05 
t-value 2.09 5.6 2.36 1.31 46 -0.32 -3.64 -4.05 -2.11 
df 55 49 23 67 2.14 24 42 23 14 
 
3.3.3 Long-term 
There was a significant difference in dietary composition between decades (%NA: F=6.27, 
p=0.002; FO: F=10.57, p<0.001; %Mass: F=8.98, p<0.001). During the 1980‘s, the diet 
appeared more evenly distributed across the five major prey groups, but shifted towards an 
increased contribution of sardine and anchovy by the 2000‘s (Fig 3.4). Over the duration of 
this study, the contribution to the diet of the three dominant species was highly variable, but 
segmented regressions showed significant trends. The contribution of sardine during the 
breeding season increased significantly from 1979 until 2005, and decreased thereafter 
(%NA: p<0.001, n=33, r2=0.464; FO: p<0.001, n=33, r2=0.58 %Mass: p=0.005, n=33, 
r2=0.762) (Fig 3.5). Anchovy showed an inverse trend, with a significant decrease in 
abundance from 1979 until 2005 and a consequent increase until 2012 (%NA: p=0.002, 
n=33, r2=0.30; FO: p=0.009, n=33, r2=0.34; %Mass: p=0.009, n=33, r2=0.700). The relative 
abundance of anchovy in the diet was strongly negatively correlated with that of sardine 
(%NA: p<0.001, n=33, r2=0.624; FO: p<0.001, n=33, r2=0.644; %Mass: p<0.001, n=33, 
r2=0.64) (Fig 3.6). The dietary contribution of saury showed a similar trend to anchovy, 
decreasing until 2002 and increasing slightly until 2012 (%NA: p=0.002, n=33, r2=0.281; FO: 
p<0.001, n=33, r2=0.46; %Mass: p=0.003, n=33, r2=0.261). Dietary abundance of OLP and 
fishery discards showed no significant trends, remaining relatively low throughout the study.  
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Fig 3.2: Non-metric multidimensional scaling plots of monthly numerical abundance showing seasonal differences in prey composition of Cape 
gannet diet across three decades, with breeding (B) and non-breeding (NB) seasons highlighted by ellipses.
1980‘s 1990‘s 2000‘s 
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Fig 3.3: Comparison between the breeding (B) and non-breeding (NB) diet of Cape gannets 
in terms of the mean (±SE) numerical abundance (%NA), frequency of occurrence (FO) and 
mass (%Mass) of sardine, anchovy and saury, across three decades. 
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Fig 3.4: Mean dietary contribution, in terms of numerical abundance (%NA), frequency of 
occurrence (FO) and mass (%Mass), of the five major prey groups (sardine, anchovy, saury, 
fishery discards and other live prey (OLP)) during the breeding season across the 34-year 
study period. Due to an absence of samples, the year 2000 has been omitted. 
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Fig 3.5: Segmented regressions showing trends in the numerical abundance (%NA) of 
sardine and anchovy within the diet of Cape gannets over 34 years. Annual numerical 
abundance of anchovy was log-transformed in order to meet the assumption of residual 
normality. 
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Fig 3.6: Inverse relationship between sardine and anchovy in terms of their annual numerical 
abundance (%NA), mass (%Mass) and frequency of occurrence (FO) within the diet of Cape 
gannets during the breeding season. 
3.3.4 Fork length 
3.3.4.1 Seasonal 
With the exception of anchovy in the 2000‘s, there were significant seasonal differences in 
mean FL for all three dominant species across all three decades (Table 3.2). For sardine 
and anchovy these seasonal differences were not uniform across the three decades. During 
the 1980‘s sardine caught during the breeding season were significantly longer than those 
caught during the non-breeding season, whereas anchovy caught during both seasons were 
of the same mean size. This pattern was reversed over the following two decades, with 
mean FL for both species being significantly longer during the breeding season than during 
the non-breeding season (Fig 3.7). In contrast to sardine and anchovy, saury maintained a 
distinct seasonal size pattern across the three decades of this study, with the mean size of 
individuals caught during the breeding season being invariably significantly shorter than 
those taken during the non-breeding season (Fig 3.7). 
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Fig 3.7: Seasonal differences in the mean fork length (FL) (±SD) of sardine, anchovy and 
saury within gannet diet, across three decades. 
 
Table 3.2: Seasonal differences in the mean fork length of the three dominant prey species 
within the Cape gannet diet across the three decades of the study. 
 
Test 
parameter 
Sardine Anchovy Saury 
1980's 1990's 2000's 1980's 1990's 2000's 1980's 1990's 2000's 
p <0.001 <0.001 <0.001 0.09 <0.001 0.004 <0.001 0.01 0.003 
t-value -14.41 3.35 10.51 -1.69 15.86 2.93 -4.06 -2.5 -3.12 
df 1650 291 237 3325 884 563 539 99 79 
 
3.3.4.2 Long-term 
Mean FL of prey species taken by Cape gannets showed considerable variation over the 
duration of the study. Mean annual FL of sardines in particular was highly variable, but 
increased significantly in mean length from 1979-2003 (Appendix C), and decreased 
thereafter (segmented regression: p=0.03, n=32, R2=0.19). In addition, years of large mean 
FL generally corresponded with years of high %NA (p=0.04, n=32, r=0.38), FO (p=0.02, 
n=32, r=0.43) and %Mass (p=0.004, n=32, r=0.50). In contrast with sardine, mean FL for 
anchovy decreased significantly from 1979 until 2012 (p=0.04, n=33, r=-0.36). Saury FL was 
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grouped into five-year periods due to relatively small sample sizes. As with anchovy, mean 
FL of saury also decreased significantly over the course of the study (p=0.04, n=7, r=-0.77). 
These results were compared against decadal frequency distributions for the three species 
(Fig 3.8). The modal length range for sardine remained the same at between 180 and 200 
mm over the course of the study. However, across the three decades there was an increase 
in the frequency of sardine longer than 180 mm, and there was an increase in the decadal 
mean length of sardines taken by gannets (1980‘s: 166±35 SD; 1990‘s: 181±34; 2000‘s: 
186±24). Anchovy decreased from a modal length of 130-140 mm in the 1980‘s (mean 
126±12 SD mm), to 120-130 mm in the 1990‘s (mean 126±12 SD), and to between 110 and 
120 mm in the 2000‘s (mean 115±15 SD mm). Additionally, in the 2000‘s there was an 
apparent increase in the frequency of anchovies below the length of 100 mm (Fig 3.8). Saury 
caught during the 1980‘s and 1990‘s were mostly between 350 and 400 mm, but this 
decreased to between 300 and 350 mm by the 2000‘s (Fig 3.8) and was also reflected by 
the means (1980‘s: 321±60 SD; 1990‘s: 322±74 SD; 2000‘s: 294±34 SD).
 
 
 
Fig 3.8:  Frequency distributions showing decadal change in the fork length (FL) of sardine, 
anchovy and saury caught during the Cape gannet breeding season. 
 
3.3.5 Comparisons with survey and catch data 
3.3.5.1 Survey 
Mean annual %NA of sardine in Cape gannet diet during the breeding season was positively 
correlated with the annual mean density estimate of the same year as obtained by acoustic 
surveys within the foraging range of breeding Cape gannets (%NA: p<0.001, n=27, r=0.64) 
Saury Anchovy Sardine 
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(Fig 3.9). This was also the case for FO (p<0.001, n=27, r=0.63) and %Mass (p=0.001, 
n=27, r=0.58). A slightly stronger correlation was, however, found between the relative 
abundance of sardine in the diet and the survey mean density estimate from the previous 
year, (LAG-1; %NA: p<0.001, n=27, r=0.67; FO: p<0.001, n=27, r=0. 61; %Mass: p<0.001, 
n=27, r=0.56). The greatest deviation from this trend occurred at low sardine biomass levels 
when, in spite of their lower availability, sardines still contributed a large proportion of gannet 
diet.  
Annual dietary abundance (%NA, FO and %Mass) of anchovy was not significantly 
correlated to anchovy density during the same or previous year (same year - %NA: p=0.157, 
n=27, r=0.28; FO: p=0.084, n=27, r=0.39; %Mass: p=0.992, n=27, r<0.001; Previous year - 
%NA p=0.171, n=27, r=0.27; FO: p=0.139, n=27, r=0.29; %Mass: p=0.959, n=27, r=0.01). 
Interestingly, however, the mean annual contribution of anchovy was negatively correlated 
with the lagged (LAG-1) survey estimate of sardine during the previous year (%NA: p=0.002, 
n=27, r=0.56; FO: p=0.02, n=27, r=0.44; %Mass: p=0.04, n=27, r=0.40). 
 
3.3.5.2 Catch 
Mean annual %NA of sardine was positively correlated with the total annual sardine catch for 
the Eastern Cape (%NA: p=0.007, n=24, r=0.54; FO: p=0.03, n=24, r=0.44; %Mass: p=0.03, 
n=24, r=0.44; Fig 3.9). In contrast, the abundance of anchovy in the diet did not show any 
correlation with total annual anchovy catch (%NA: p=0.667, n=23, r=0.09; FO: p=0.628, 
n=23, r=0.11; %Mass: p=0.392, n=23, r=0.19, but did show a significant inverse relationship 
with sardine catch (%NA: p=0.025, n=24, r=0.46; FO: p=0.11, n=24, r=0.33; %Mass: 
p=0.015, n=24, r=0.46; Fig 3.9). 
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Fig 3.9: Numerical abundance (%NA) of sardine and anchovy in relation to estimates of sardine density during the same and previous year, 
and total annual sardine catch for the same year. 
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3.4 Discussion 
It is evident that the diet of Cape gannets breeding at Bird Island has undergone change 
over the past 34 years. This change is apparent in both the seasonal and long-term 
contribution of their dominant prey species. The prevalence of sardine and anchovy in the 
diet of Cape gannets has increased with an associated decrease in the abundance of other 
live prey species. This could be reflective of growth in both the sardine and anchovy stocks 
along the southern coast, which is also mirrored by growth of the annual purse-seine catch 
for the Eastern Cape (Coetzee et al. 2008). Fishery discards, a large contributor to west 
coast gannet diet, have continued to contribute only a small portion of the diet both between 
seasons and across years. 
 3.4.1 Diet composition 
Seabirds are known to alter their seasonal foraging effort in response to different energetic 
requirements during the breeding and non-breeding seasons (Markones et al. 2010). 
Energetic demands on non-breeding adults are comparatively low, as they need only 
maintain condition, without the additional constraint of returning to the colony to provision 
and guard chicks. Thus, outside of the breeding season, adults can maintain body condition 
on a much less selective diet than when breeding. For example, the nutritional deficiency of 
low quality prey can be balanced through reducing activity (Berruti 1991). In addition, adult 
gannets are capable of taking large fish such as saury (Klages et al. 1992), which are often 
the most cost effective due to their size and relatively high energy-content (Batchelor & Ross 
1984). It should be noted that samples collected during the non-breeding season likely 
represent only a small portion of the overall diet, as birds disperse widely in the absence of a 
necessity to return to the nest site  For this reason, the non-breeding diet as recorded in this 
study, may not fully represent the diet of Cape gannets during this time. During the breeding 
season, chicks require prey that is both rich in energy to maintain growth (Batchelor & Ross 
1984; Mullers et al. 2009a) and small enough to swallow, which probably accounts for the 
greater level of selectivity towards sardine and anchovy during the breeding season. The 
consequent demand for high diet selectivity during the breeding season likely leaves gannets 
more susceptible to the effects of changing prey availability (Mullers et al. 2009a).  
The positive relationship between the abundance of sardine in gannet diet and sardine 
biomass suggests that when available this species is preferentially taken with its contribution 
to the diet reflecting its relative availability to gannets (Batchelor & Ross 1984). It has been 
argued that, in terms of monitoring sardine biomass, gannet diet would only provide an 
accurate indication of trends at low sardine biomasses and would not reflect absolute 
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abundance (Berruti & Colclough 1987). Conversely, we here demonstrated a strong 
relationship between the contribution of sardine in Cape gannet diet and the available 
sardine biomass. The reason why this pattern was not observed for anchovy may be due to 
sardines forming larger and denser shoals than anchovies (Van der Lingen 1994; Barange et 
al. 1999), which together with their large individual size (compared to anchovy) may make 
them more conspicuous and easier to find.  
Progressive improvement of diet quality, particularly through an increase in the contribution 
of sardine to the diet up until 2005, provides further support that increasing availability of high 
quality prey has driven population growth at this colony (Crawford et al. 2007b). Sardine also 
represents an important prey for numerous other seabird species including African penguins 
(Spheniscus demersus), Cape cormorants (Phalacrocorax capensis) and Swift terns 
(Thalasseus bergii) (Crawford et al. 2007a). When prey resources are limited, dietary overlap 
could lead to interspecific competition for food. However, the large potential foraging range of 
Cape gannets may make them more capable of tracking changes in prey distribution than 
other seabird species (Crawford et al. 2008), although penguins and cormorants may dive to 
greater depths (Hockey et al. 2005). Nonetheless, the decline in sardine abundance since 
2005, evident both in terms of biomass and its contribution to gannet diet indicates that this 
species is becoming less available as a primary food source in the Eastern Cape. This has 
been mediated through a dietary replacement by anchovy, which has increased in 
abundance in recent years.  
The presence of saury in the non-breeding diet of Cape gannets at Bird Island has previously 
been linked to seasonal changes in oceanographic conditions (Klages et al. 1992). Being an 
oceanic species, saury is mostly found offshore (Dudley et al. 1985), but in autumn and 
winter, the prevailing westerly winds often drive Agulhas water over the shelf, which brings 
this species inshore (Klages et al. 1992). Increases in the intensity of the Agulhas Current 
and the frequency of south-easterly and easterly winds since the 1980‘s (Rouault et al. 2010) 
may have reduced the number of Agulhas water intrusions over the shelf and with this, 
decreased the availability of saury during the 2000‘s. Alternatively, the declining contribution 
of saury to the diet may be related to a distributional change. Historically, the core of the 
south coast saury population was located east of 21oE and south of 35oS (Berruti 1988). 
However, the species, which prefers waters of between 16 and 19 oC (Parin 1968), may 
have undergone a distributional shift as a result of recent warming of the Agulhas Current 
(Rouault et al. 2009). The decreasing importance of saury during the third decade, 
particularly within the non-breeding season, could also be related to an increased prevalence 
of sardine and anchovy. Both species showed a marked increase in the non-breeding diet 
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across the three decades, and could well have replaced saury as the dominant contributor to 
the winter diet. 
The continued low dietary contribution of fishery discards to the diet of Cape gannets 
suggests that natural prey stocks remain healthy within the foraging range of the colony at 
Bird Island, with birds having little need to shift to scavenging from trawlers. However, it 
should be noted that although there is a well-developed hake fishery along the south coast, 
its annual catch is considerably smaller than that of the west coast (Walmsley et al. 2007). 
During the late 1990‘s the annual mean mass of discards for the south coast (5 722 tons) 
was 81% lower than that for the west coast (29 619 tons) (Walmsley et al. 2007). 
Consequently, fishery discards as an alternative food source are unlikely to be as reliable 
and readily available as they are on the west coast, and their abundance in the diet may not 
necessarily reflect the abundance of natural prey.  
 3.4.2 Fork length 
Concurrent increases in mean FL of sardine, the contribution of sardine to Cape gannet diet 
and the biomass of sardine in the Eastern Cape until 2004, suggest an increase in the 
proportion of adult fish within the stock over this period. Conversely, the apparent decrease 
in sardine FL from 2004 suggests an increase in the dominance of sub-adult sardine (<180 
mm) in the region (Armstrong et al. 1987). It is believed that the south coast sardine stock is 
derived predominantly from recruitment of one-year old fish from the western Agulhas Bank 
(Coetzee et al. 2008); with little recruitment derived from the south coast itself (Hampton 
1992; Barange et al. 1999). Since 2004, recruitment into the system has remained low 
(Coetzee et al. 2008). As a result, adult mortality may be higher than the rate of 
replenishment by recruits, biasing the age structure towards smaller fish (J. Coetzee, pers. 
comm.). This disproportionate loss of the larger size classes could account for the decrease 
in mean FL of sardine within gannet diet, beginning after 2003. Sardine stocks are not highly 
dependent on years of high recruitment to maintain stock size (Barange et al. 1999). 
However, continued dominance of immature fish would negatively influence reproductive 
output and likely population numbers, which appears to be the present situation on the south 
coast (Coetzee et al. 2008). 
Over the course of this investigation, the size of anchovy taken by gannets declined, 
suggesting a change in anchovy stock structure towards younger fish. Barange et al. (1999) 
found that anchovy spawning took place within the southern Benguela ecosystem, with the 
stock dominated (>60%) by young recruits (<105 mm). From these spawning grounds, 
anchovy moved eastwards as they grew, attaining mean caudal lengths of about 125 mm by 
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the time they reached the eastern Agulhas Bank. During 1996, an abrupt change in 
environmental conditions resulted in surface cooling of waters east of Cape Agulhas, which 
served to strengthen the cross shelf temperature gradient (Roy et al. 2007). These climate 
mediated changes resulted in an eastward shift in the distribution of spawning anchovy (Roy 
et al. 2007). Although small anchovy still occur predominantly on the west coast, it is 
possible that a portion of the juvenile stock could be retained on the Agulhas Bank due to 
increased spawning activity on the south coast, which may explain the recent increase in the 
proportion of young anchovy (<105 mm) within gannet diet (from 4.6% in 1979-1995 to 
12.8% in 1996-2012).  
Although mean FL of saury showed similar trends to that of anchovy, the absence of reliable 
stock assessments for this species makes interpretation of such changes difficult. 
Historically, the size of adult saury was found to increase from the west to the east coast of 
South Africa (Batchelor 1982). Berruti (1988) suggested that juvenile saury undergo a south 
and eastwards migration as they grow. Mature fish are believed to migrate westwards in 
summer in order to spawn and to escape temperatures at the upper limit of their thermal 
range (Christensen 1980). Therefore, decreasing saury size during the last few years of this 
study could potentially be related to warming of the Agulhas Current (Rouault et al. 2009), 
which has forced larger fish to seek cooler waters. The shorter mean FL of saury during the 
late breeding phase, which coincides with mid-late summer, seems to support this.  
3.4.3 Implications 
Currently the diet of Cape gannets remains dominated by three species of small pelagic 
prey. Shifts in the relative contribution and size of sardine and anchovy in the diet seem to 
reflect changes in their biomass in the Eastern Cape. In the case of anchovy, this is probably 
driven by climate mediated changes in oceanographic conditions (Roy et al. 2007), which 
has yet to be confirmed for sardine (Coetzee et al. 2008). Changes in the availability of these 
two species along the south coast are probably related to expansions and contractions of the 
stock (Lluch-Belda et al. 1989). Recent declines in the abundance of sardine have been 
linked to continuous poor recruitment (Coetzee et al. 2008) and contraction of the sardine 
stock range as a result of decreasing biomass could be reducing the availability of this 
species to gannets. Fishing pressure is also of concern, and is known to increase fish stock 
variability (Anderson et al. 2008). Although fishing effort in the Eastern Cape remains low, it 
may be that high levels of exploitation on the west coast have served to exacerbate the 
current stock decline.  
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At large seabird colonies birds are particularly vulnerable to the effects of conspecific 
competition which leads to localised depletion of prey stocks (Hunt et al. 1986; Birt et al. 
1987). Being central-place foragers, breeding gannets are restricted to a radius of about 250 
km around the colony (Grémillet et al. 2004). As colonies grow, they may cause localised 
depletion of the prey stocks within the colony foraging range and birds must search further 
afield in order to find food (―Ashmole‘s halo‖) (Lewis et al. 2001). Rapid growth of the colony 
at Bird Island, and associated increases in its overall energy requirements could have 
increased the colony‘s ―footprint‖ substantially. As a result, in the event of prey stock 
declines, the effects of reduced prey availability particularly close to the breeding colony 
would likely be exacerbated by intraspecific competition. Furthermore, while gannets have a 
very large foraging range, much of their effort is focused fairly close to the breeding colony 
(Chapter 4), overlapping with the foraging ranges of other seabirds breeding within Algoa 
Bay. Competition for limited prey resources could negatively impact on gannets, but may 
potentially have much greater consequences for species such as African penguins 
(Endangered) (BirdLife International 2013), which are more spatially restricted (Pichegru et 
al. 2010) and currently suffering critical declines (Crawford et al. 2011). 
3.4.4 Conclusions 
This study highlighted a significant change in the diet of Cape gannets at Bird Island over the 
past three decades, reflecting shifts in the distribution of sardine and anchovy stocks along 
the South African coast. Under these conditions the population has grown rapidly, and now 
supports the bulk of the world population (Crawford et al. 2007b). However recent declines in 
the abundance of sardine (in terms of biomass and diet), together with both an increase in 
fishing pressure and colony related intraspecific competition, may significantly impact the 
population trajectory of this colony of Cape gannets in the Eastern Cape over the near future. 
  
55 
 
Chapter 4 
Foraging distribution of Cape gannets in relation to 
oceanographic features, prey availability and marine protected 
areas in the Eastern Cape, South Africa 
 
Abstract 
Seabirds forage in a highly dynamic environment and prey resources are mostly 
heterogeneous in their distribution. Many seabird species are capable of using 
oceanographic features, which promote prey aggregation, as a means of locating prey 
patches. Combining tracking data with remote-sensing data, and estimates of fish distribution 
and biomass can yield important information on how seabirds find these patches. GPS 
tracking data of foraging Cape gannets were collected over three breeding seasons at Bird 
Island (Algoa Bay) to test for inter-annual changes in home range size and foraging effort. 
Furthermore, distributional data were compared against the distribution and abundance of 
their two dominant prey species (sardine and anchovy) as ascertained through acoustic 
surveys. To test for habitat selection, biophysical features (sea surface temperature, 
chlorophyll a, bathymetry and slope) associated with foraging were compared against those 
of a random point dataset using a binomial generalised linear mixed effects model. In 
addition, the foraging distribution of Cape gannets was compared to that of marine protected 
areas (MPAs) within the home range. It was found that the home range of breeding Cape 
gannets propagated westwards over the three years, which coincided with a westward shift 
in the distribution of sardine and anchovy, and gannets worked harder to locate prey at low 
sardine and anchovy biomasses. In addition, most foraging locations were situated outside of 
the protection of MPAs. There was no significant level of habitat preference across all three 
years, indicating that biophysical features are not reliable predictors of Cape gannet foraging 
distribution. The close relationship between foraging ranges of gannets and their prey 
distribution, coupled with recent declines in prey availability, highlight a need to protect prey 
stocks within the foraging range of Cape gannets at Bird Island. However, inter-annual 
variability in gannet foraging distribution, together with the size of the colony‘s foraging 
range, likely reduces the potential benefits of the current MPA network in terms of protecting 
the species. 
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4.1 Introduction 
Seabirds are often thought to forage in a large, unpredictable environment, with patchily 
distributed prey resources (Ashmole 1971). However, recent findings suggest that at a large 
and medium scale, the distribution of prey can be predicted fairly accurately (Weimerskirch 
2007). This is especially true for shelf systems where bathymetry drives perennial processes 
such as shelf edge upwelling (Probyn et al. 1994). Seabirds often track oceanographic 
features that are indicative of productivity, and hence prey availability (e.g., Bost et al. 2009). 
For example, many long-ranging procellariiform species have been found to home in on 
areas of high productivity, at scales of hundreds of kilometres, through olfactory cues from 
gases produced by phytoplankton (Nevitt 1999; Nevitt & Bonadonna 2005). Although most 
mechanisms by which seabirds make use of such cues are poorly understood, it is evident 
that oceanographic processes are often fairly reliable predictors of foraging distribution 
(Weimerskirch 2007). This is largely because they act as nucleating points around which 
prey aggregate, either through physical forcing (e.g., Friedlaender et al. 2006; Sokolov 
2008), or biological processes (Folt & Burns 1999). Amongst a wealth of oceanographic 
processes that enhance productivity and promote prey aggregations, quasi-permanent 
features such as frontal systems (Bost et al. 2009), zones of intense upwelling 
(Weimerskirch 2007), eddies (Haney & Stone 1988; Yen et al. 2006) and areas of tidal 
mixing (Begg & Reid 1997; Hamer et al. 2009) seem to be of particular importance for 
predicting seabird distribution.  
Due to the reliance of many seabird species on oceanographic features as a proxy for prey 
availability, it is likely that features such as areas of low sea surface temperature (SST) and 
high productivity would be useful in identifying candidate areas for conservation. This has 
become necessary as seabirds face increasing threats either through declines in prey 
availability (Okes et al. 2009; Pichegru et al. 2009) or accidental capture as fishery bycatch 
(Ryan et al. 2002; Petersen et al. 2009). In order to both protect threatened habitats and 
biota, and manage fisheries there has been a movement towards spatially explicit 
conservation (Halpern 2003). These measures have, in the past, been focused on immobile 
ecosystems (e.g., coral reefs; McClanahan et al. 2007) and their associated species. 
However, there is an ever increasing need to conserve highly mobile and far ranging species 
such as many marine top predators (Louzao et al. 2006; Game et al. 2009). In order to do 
this, it is necessary to have a good understanding of the biology of the species in question.  
By identifying foraging distributions it is possible to model habitat preference (Yen et al. 
2005), which can be used to identify areas of high conservation importance (Louzao et al. 
2006). 
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The Cape gannet (Morus capensis), a large pelagic seabird endemic to the south and west 
coasts of South Africa, and Namibia (Crawford et al. 1983), is a medium-distance forager 
capable of covering several hundred km in a single foraging trip (Grémillet et al. 2004; 
Pichegru et al. 2007). Its natural diet consists of small shoaling pelagic fish, predominantly 
sardine (Sardinops sagax), anchovy (Engraulis encrasicolus) and saury (Scomberesox 
saurus) (Batchelor & Ross 1984, Chapter 3). Since the mid-1950‘s the five west coast 
breeding colonies (three in Namibia, two in South Africa) have undergone a severe decline, 
related to decreases in prey availability (Crawford et al. 2007b). This, together with its 
restricted breeding range and pollution related mortality has resulted in its present 
classification as Vulnerable (BirdLife International 2013). 
The Cape gannet colony at Bird Island, Algoa Bay, is the only colony to have increased in 
recent years, from some 19 092 pairs in 1955/1956, to approximately 98 000 pairs by 
2005/2006 (Crawford et al. 2007b). It has since remained fairly stable with an estimated 
population of 93 224 pairs (2012/2013;Oceans and Coasts, unpublished data). Its diet is 
dominated by live prey (Klages et al. 1992, Chapter 3; Moseley et al. 2012), whereas along 
the west coast a considerable portion of the diet is now made up of fishery discards (mainly 
hake), a suboptimal prey source (Mullers et al. 2009a). Now supporting the bulk of the global 
population, it is important to understand what drives foraging behaviour in these birds 
breeding at Bird Island, and furthermore, whether the current marine protected area (MPA) 
network holds any conservation value for this population. On the west coast, Grémillet et al. 
(2008b) found that Cape gannets foraged in waters that were not significantly more 
productive, nor significantly cooler than those of the home range as a whole. However, 
whereas on the west coast, upwelling and productivity is widespread (Andrews & Hutchings 
1980), on the eastern Agulhas Bank productivity tends to be more transient and localised 
(Probyn et al. 1994). 
In this study, changes in the foraging distribution, home range and proxies of foraging effort 
of Cape gannets breeding at Bird Island, Algoa Bay, were assessed over three consecutive 
seasons. To test for habitat selectivity, gannet foraging distribution was compared against 
estimates of both prey distribution and biophysical features (SST, chlorophyll a (Chl a), 
bathymetry and slope). Because upwelling processes along the south coast are much less 
extensive than along the west coast, areas of high productivity were expected to be 
localised, acting as nucleating points for prey. In addition, the spatial distribution of foraging 
locations was compared against the distribution of MPAs within the potential foraging range 
of gannets at Bird Island in order to assess the level of protection afforded to this species. 
Due to the size of the potential foraging range of Cape gannets, and their tendency to forage 
offshore, it was predicted that foraging would show minimal overlap with MPAs. 
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4.2 Materials and Methods 
4.2.1 Study site 
Fieldwork was conducted over three consecutive breeding seasons (2010/11 season: 8-25 
Dec and 14-22 Jan; 2011/12 season: 8-26 Dec and 28 Jan – 04 Feb; 2012/13 season: 4-14 
Dec and 17-28 Jan) at Bird Island, Algoa Bay (33°50′26″S 26°17′10″E), situated on the 
eastern Agulhas Bank within the Agulhas bioregion. Bird Island is the largest of a group of 
three islands lying approximately 65 km east of Port Elizabeth and 8 km off the mainland at 
Woody Cape, the eastern margin of Algoa Bay (Dali 2011). It is relatively flat and covers an 
area of 19 ha, with a maximum elevation of 10 m (Randall & Ross 1979). Supported on this 
island is the world‘s largest gannet colony covering some 2.4 ha (P. Pistorius unpubl. data). 
4.2.2 Marine Protected Areas 
Within the potential foraging range of the Bird Island gannet colony are three established 
marine reserves, namely: the Greater Addo Elephant Park Marine Protected Area (GAENP 
MPA), Sardinia Bay MPA, and the Tsitsikamma National Park MPA (Fig 4.1). These reserves 
are no-take zones in which no commercial exploitative activity is permitted. A fourth reserve 
has been proposed; an expansion of GAENP, which would incorporate the current MPA 
along with the majority of Algoa Bay (Fig 4.1). 
 
Fig 4.1: Location of Bird Island and Marine Protected Areas within the potential foraging 
range of Cape gannets. Contours represent an isobath interval of 200 m. 
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4.2.3 GPS deployments 
GPS loggers were deployed on chick-rearing Cape gannets during the breeding seasons 
(Dec-Feb) of 2010, 2011 and 2012 during which time a section of the colony was monitored 
for partner change overs. Attendant parents whose partner had returned were caught, prior 
to departure, by means of a hook fixed to the end of telescopic pole. A miniaturised GPS 
Logger (I-gotU, Mobile Action, UK) was then fitted onto the base of the tail by means of water 
proof Tesa® tape. Loggers weighed 39 g, or approximately 1.5% of average adult body 
mass, which is well below the 3% threshold (Kenward 2001). The bird was marked with picric 
acid, and released into the wind to improve the chances of immediate take off. Handling time 
was minimised wherever possible to reduce stress and observer impacts. Following 
deployment, the bird‘s nest was monitored hourly, during daylight hours, until its return. 
Fitted parents were captured within an hour of arrival to the colony and the logger was 
removed immediately. Thereafter, morphometric measurements were taken for calculating 
adult body condition. Concerns have been raised regarding the negative effects of loggers 
on at-sea behaviour (Vandenabeele et al. 2012). Previous studies have, however, found no 
significant impact of similar sized devices on the foraging behaviour of Cape gannets 
(Grémillet et al. 2004; Pichegru et al. 2007). 
 
 
Fig 4.2: Standard deployment of a GPS logger on a Cape gannet. The device is mounted at 
the base of the tail by means of waterproof Tesa® tape.  
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For 2010 and 2011, loggers were programmed to record a position every 10 seconds 
provided the bird was travelling at speeds greater than 10 km.h-1. At lower speeds, positions 
were logged every five seconds. In 2012, the loggers were programmed to record positions 
every 10 seconds, regardless of speed. In total, 115 tracks (35 in 2010/2011, 40 in both 
2011/2012 and 2012/2013) were collected over the three breeding seasons of this study. Of 
these a total of 22, 27 and 40 complete tracks were obtained for the respective seasons. The 
lower numbers of complete tracks obtained during the first two seasons are attributable to 
the high sampling frequency and consequent battery failure before trip completion.Despite 
being programmed to log at set frequencies, device fix rates were not always regular  To 
correct for differences in fix rates all tracks were standardised to 10 s intervals using 
package ‗adehabitatLT‘ (v.0.3.12) (Calenge 2013) in R (R Core Team 2013), whereby 
missing points were derived through linear interpolation of the original track. Tracks were 
subsequently analysed in ArcMap 10.1, and ArcView 3.2 (Environmental Systems Research 
Institute). 
4.2.4 Home range 
All available tracks for each year were used in the computation of the annual colony home 
range. Home ranges were generated by means of a Kernel Home Range analysis (Wood et 
al. 2000) in the animal movement extension of ArcView 3.2, with least squares cross 
validation (LSCV) (Worton 1989) as a smoothing parameter. Two contour levels were 
selected to represent the total (95%) and the core (50%) ranges of the colony. Areas were 
then calculated for both levels (95 and 50%) as a basic means of assessing annual change. 
4.2.5 Area restricted search 
Foraging locations, or positions of area restricted search (ARS), were isolated by means of a 
track sinuosity index (Grémillet et al. 2004; Grémillet et al. 2006). Sinuosity is calculated as 
the ratio between the overall distance covered across three fixes and the displacement 
between the first and last fix. Therefore, the sinuosity at each fix (x) is the ratio of the total 
distance covered from one fix before (x-1) until one fix after (x+1) divided by the displacement 
between them (|x-1 – x+1|). Sinuosity values greater than 3.3 represent active foraging by 
birds (Grémillet et al. 2004; Mullers 2009). At speeds below 10 km.h-1 gannets are no longer 
capable of maintaining flight and these speeds represent periods when the bird is sitting on 
the water (Grémillet et al. 2004). For this reason, all fixes corresponding to speeds lower 
than 10 km.h-1 were removed. Inter-annual change in foraging effort was tested using six 
proxies namely, mean and maximum distance of ARS from the colony, commuting distance 
(distance from colony until first onset of ARS), adult body condition (ratio: mass/length of 
flattened wing cord (Lewis et al. 2006)), mean track sinuosity (of all fixes associated with 
61 
 
flying) and proportion of flight associated with ARS. Differences in these parameters were 
tested using either analysis of variance (ANOVA), or Kuskal-Wallis tests, depending on data 
normality. Pairwise comparisons were performed using either Tukey‘s HSD (ANOVA) or 
Pairwise Wilcoxon (Kruskal-Wallis) tests. It should be noted that because many of the tracks 
in 2010 and 2011 were incomplete, testing for differences in overall path length and duration 
may show bias towards short trips in the first two seasons. However, in most cases, the 
batteries in the loggers ran flat during the bird‘s return flight to the colony. 
4.2.6 Pelagic fish densities 
Sardine and anchovy are commercially important species and their biomass and distribution 
along the South African coast is estimated annually by the Department of Agriculture, 
Forestry and Fisheries (DAFF). Between October to December of each year, pelagic fish 
biomass and density are determined by means of a hydroacoustic survey that runs from 
Hondeklip Bay on the west coast, to Port Alfred on the east coast (Coetzee et al. 2008) and 
covers most of the continental shelf (Hutchings et al. 2009). Densities of small pelagic fish, 
along these transects, are calculated using echo-integration techniques, and the species 
composition and size frequencies of small pelagic fish are determined through midwater 
trawling (Barange et al. 1999). Sardine and anchovy distributional data from the 2010, 2011 
and 2012 surveys were mapped separately using a density analysis in ArcView 3.2. 
4.2.7 Physical variables 
SST (oC) and Chl a (mg.m-3) maps were derived from the moderate-resolution imaging 
spectroradiometer (MODIS) Aqua satellite run by NASA (oceancolor.gsfc.nasa.gov). These 
represent daily averages of the conditions within the surface layers of the water column at a 
spatial resolution of 1 km2. Bathymetry data were derived from the global digital elevation 
model (DEM) GTOPO30, at a resolution of 30 arc seconds (approximately 1 km2). Estimates 
of slope were generated from the DEM using the spatial analyst extension in ArcMap10.1. To 
assess habitat selectivity, the conditions experienced by foraging gannets were compared 
against the conditions available within the breeding home range. For this, a random dataset 
of 10 000 points was created within the calculated home range of the colony during each 
season. For each day, the nearest (<1 km) SST, Chl a, bathymetry and slope values were 
assigned to foraging locations and random datasets. On many of the days, cloud cover 
obscured much of the study area, with physical data only available for those points that 
overlapped with cloud free areas (Fig 4.3). Although the effects of cloud cover could be 
overcome by averaging the data over days or weeks (e.g., Zavalaga et al. 2010), this would 
remove the ephemeral nature of physical processes on the continental shelf, making it 
unacceptable for the purpose of this study. For every presence location, three points with 
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associated physical conditions were randomly selected from the random dataset of the same 
day (Van Eeden 2012). We used a binomial Generalised Linear Mixed Effects Model 
(GLMM) (package 'lme4'; Bates 2013; R Core Team 2013) to assess differences in physical 
conditions between where birds were present and random points (Aarts et al. 2008; 
Wakefield et al. 2009). Resultant data were then modelled as a function of SST, Chl a, 
bathymetry and slope, using season, date and individual as random effects.  
 
Fig 4.3: Example of a daily average Sea Surface Temperature (SST) map (MODIS) at a 
spatial resolution of 1 km2, overlain by a Cape gannet GPS track for the same day (16 Dec 
2011). Areas shaded in white represent regions of the ocean that were obscured by cloud 
cover, and consequently have no associated SST value. 
4.2.8 Overlap with MPA’s 
Foraging distribution was overlaid onto those MPA‘s that fall within the potential foraging 
range of the Cape gannet colony at Bird Island. The number of foraging points located within 
and outside MPA boundaries was calculated and converted into proportions. Annual foraging 
overlap was calculated for each MPA, including the GAENP MPA, separately, and for all 
MPA‘s together. In order to test for significance, for each breeding season the daily 
proportions of points inside and outside MPA boundaries were tested against each other 
using chi-squared tests. 
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4.3 Results 
Across the three years of this study, gannets breeding at Bird Island foraged on the 
continental shelf, with only a few birds venturing as far as the shelf margin. All tracks were 
situated over waters shallower than 1800 m. In general, birds foraged well offshore at an 
average of 26 ± 13 km from the coast. Most foraging took place to the west and south-west 
of Bird Island (Fig 4.4). Birds reached almost as far as Robberg peninsula, a straight line 
distance of 270 km west of Bird Island, and to about halfway between Port Alfred and East 
London, 115 km to the east. 
4.3.1 Home range 
The home range of the Cape gannets breeding at Bird Island increased progressively in size 
during the study period (8967 km2 in 2010, 11559 km2 in 2011 and 13269 km2 in 2012; Fig 
4.4). This increase seems to have been propagated westwards, with considerable portions of 
the home range in 2011 and 2012 being situated west of Cape St Francis. In 2010, the core 
(50% utilization density) of the home range was centred on Bird Island (Fig 4.4). However, 
much of this core shifted south-westwards in 2011 onto the shelf margin, and although 
migrating back towards Bird Island in 2012, this core remained south-west of the island. In 
addition, in 2012 there were two separate cores approximately 100 km, and 200 km west of 
Bird Island. 
The average distance of gannet ARS from the colony was significantly higher during the 
2011 and 2012 seasons than in 2010, but was not significantly different between 2011 and 
2012 (Pairwise Wilcoxon Test: 2010:2011, p<0.001, 2010:2012, p<0.001; 2011:2012, 
p=0.700). There were no significant differences between seasons based on the furthest 
position from the colony (Table 4.1). The average commuting distance was significantly 
lower during the 2012 breeding season than during both the 2010 or 2011 seasons 
(2010:2012, p=0.015; 2011:2012, p=0.004), but not significantly different between the 2010 
and 2011 seasons (Table 4.1). Adult body condition was significantly higher during 2010 
than during both 2011 and 2012 (Tukey‘s HSD: 2010:2011, p=0.033; 2010:2012, p=0.005), 
with no significant difference between the 2011 and 2012 seasons (Table 4.1). Both average 
track sinuosity (Pairwise Wilcoxon Test: p=0.006) and the proportion of flying locations 
associated with ARS (Pairwise Wilcoxon Test: p=0.007) were significantly higher in 2012 
than 2011, but not significantly different between either 2010 and 2011, nor 2010 and 2012 
(Table 4.1). This suggests an increase in foraging effort in 2012, with birds initiating ARS 
sooner and, on average, foraging further away from the colony, effectively searching a larger 
area.  
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4.3.2 Distribution of pelagic fish 
Sardine and anchovy showed a progressive westward shift in distribution from 2010 until 
2012 (Fig 4.5). During 2010, the average density of sardine and anchovy within the home 
range was 2.02 g.m-2 and 15.58 g.m-2 respectively. At this time, two cores of sardine and 
anchovy biomass were situated off Algoa Bay, and a large, dense core of anchovy was 
located around Cape St Francis (Fig 4.5). In 2011, the abundance of both species within the 
gannet home range increased with an average of 11.29 g.m-2 for sardine and 16.05 g.m-2 for 
anchovy. However, apart from a dense core of sardine off of Woody Cape and three small 
cores of low anchovy density distributed between Woody Cape and Cape St Francis, much 
of this biomass was situated west of Cape St Francis (Fig 4.5). By 2012, the biomass of both 
species had shifted well west of Cape St Francis, with average densities of 2.62 g.m-2 
(sardine) and 3.91 g.m-2 (anchovy) within the home range of the Cape gannets. These 
distributional shifts appear to be well reflected by changes in the foraging distribution (Fig 
4.5) and effort of Cape gannets. 
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Table 4.1: Comparisons of the mean foraging location characteristics for foraging Cape gannets during three consecutive breeding seasons at 
Bird Island. 
  
2010 2011 2012 Significance 
Parameter Mean SD n Mean SD n Mean SD n 2010/11 2010/12 2011/12 
Adult condition 5.67 0.34 35 5.46 0.39 40 5.4 0.32 40 p<0.05 P<0.01 ns 
Mean foraging distance 
from colony (km) 
39.8 34.2 1192 71.8 57.3 993 82.8 69.9 1928 p<0.001 P<0.001 ns 
Max foraging distance 
from colony (km) 
66.8 43 35 90.5 61.3 40 109.5 81.7 40 ns ns Ns 
Commuting distance 
(km) 
49.6 34.7 35 50.9 36.9 40 28 22.8 40 ns P<0.05 P<0.01 
Mean sinuosity value 1.22 0.10 22 1.17 0.09 26 1.30 0.10 40 ns ns P<0.01 
Proportion of flight 
associated with ARS 
(%) 
1.77 0.2 22 1.25 0.17 26 2.05 0.18 40 ns ns P<0.01 
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Fig 4.4: Kernel estimates showing the home range of Cape gannets breeding at Bird Island 
over three seasons. Contours represent 95% (blue) and 50% (core activity - red) utilization 
densities. 
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Fig 4.5: Kernel home ranges of gannet foraging distributions over the three seasons of the 
study in relation to the distribution of marine protected areas along the coast, and estimates 
of sardine and anchovy densities. Home range contours represent the 50% and 95% 
utilization densities. 
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4.3.3 Habitat selection 
Productivity within the study area was comparatively low, and appeared to decrease over the 
three years (Table 4.2). On average, foraging gannets utilised waters averaging 20.43 ± 1.7 
oC (range: 16.8 – 24.5 oC), with an average Chl a of 1.27 ± 1.5 mg.m-3 (range: 0.1 – 14.6 
mg.m-3) (Table 4.2). Conditions in waters where gannets were absent were very similar 
20.51 ± 1.8 oC, with a mean Chl a concentration of 1.43 ± 2.9 mg.m-3 (Table 4.2). From the 
results of the GLMM, it was found that of the four covariates tested, only Chl a differed 
significantly (GLMM: p=0.02, Z=-2.296) between presence and absence locations. 
Furthermore, this difference indicated that gannets foraged in waters of lower productivity 
than what was available within the home range. During the first two seasons, gannets mostly 
foraged in waters of 20 oC or less, with modal temperatures of 18 and 19.5 oC for 2010 and 
2011 respectively (Fig 4.6). However, in 2012 there was an apparent shift in the frequency 
distribution of environmental SST, with a new modal temperature of 22.5 oC, and the majority 
of foraging conducted in considerably warmer waters (>20 oC) (Fig 4.6).  
Throughout the study, gannets foraged in relatively shallow waters (mean depth: 116 ± 83 m) 
and over a largely flat sea-floor (mean slope: 0.49 ± 0.98 o) (Table 4.2). This suggests that 
gannets actively select waters over the continental shelf, but the non-significant results of the 
model indicate that the characteristics of the seafloor do not influence gannet preference for 
suitable ARS locations. Gannets utilised shallower waters in the first season than during the 
following two season, indicating that after 2010 birds moved further offshore. 
 
Table 4.2: Comparison of mean Chl a, sea surface temperature (SST), bathymetry and slope 
at gannet foraging locations, and a random point dataset within the home range of Cape 
gannets breeding at Bird Island. 
 
  Chl a (mg.m
-3
) SST (
o
C) Bathymetry (m) Slope (
o
) 
Season Dataset Mean SD Mean SD Mean SD Mean SD 
2010 
ARS 2.36 2.86 18.88 1.12 88.90 22.69 0.23 0.18 
Random 2.29 4.18 19.14 1.34 95.72 71.08 0.34 0.52 
2011 
ARS 1.07 1.15 19.35 0.83 111.75 32.59 0.38 0.67 
Random 1.91 4.45 19.25 1.23 143.15 156.06 0.72 1.35 
2012 
ARS 1.04 0.89 21.34 1.52 126.92 105.07 0.63 1.18 
Random 0.98 1.13 21.44 1.67 122.18 107.85 0.52 1.13 
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4.3.4 MPA boundaries 
Over the three years, most of the foraging locations occurring within MPA‘s, were situated 
within the boundaries of the proposed expansion of the GAENP MPA (Table 4.3). During the 
latter two years, in particular 2012, there was some overlap with the Tsitsikamma National 
Park MPA. This overlap is more apparent in the home range (Fig 4.4) than the foraging 
distribution (Fig 4.5), and is attributable to a single bird, which spent the night in the vicinity of 
the MPA. The current formal protected area network has provided little protection (<4%) for 
foraging gannets over the course of the study (Table 4.3). Most of this protection was 
contributed by the GAENP MPA, with a small contribution from the Tsitsikamma National 
Park MPA in 2012 (Fig 4.5). The overall potential overlap of foraging locations with all MPAs 
(including the expanded GAENP MPA) was highest during 2010 (13.1%) and 2012 (10.4%), 
but considerably lower in 2011 (3.5%) (Table 4.3). Nonetheless, in all three years, a 
significantly higher number of foraging points were located outside of MPA boundaries 
(2010: χ² = 1943.701, df = 37, p < 0.001, 2011: χ² = 1453.987, df = 45, p < 0.001, 2012: χ² = 
1837.367, df = 45, p < 0.001). Therefore, even with the additional protection associated with 
the expansion of the GAENP MPA, the majority of Cape gannet foraging would likely take 
place well outside of protected waters. 
 
 
Table 4.3: Seasonal overlap of gannet foraging locations and Marine Protected Areas within 
the home range of Cape gannets breeding at Bird Island. 
Season 
Sardinia 
Bay 
Tsitsikamma 
National 
Park 
GAENP 
Overall 
formal 
Proposed 
GAENP 
MPA 
expansion 
Overall 
(formal and 
proposed) 
Total 
foraging 
locations 
2010 0 (0%) 0 (0%) 8 (1%) 8 (1%) 156 (13%) 156 (13%) 1192 
2011 0 (0%) 0 (0%) 1 (0%) 1 (0%) 35 (4%) 35 (4%) 993 
2012 0 (0%) 42 (2%) 16 (1%) 58 (3%) 159 (8%) 201 (10%) 1928 
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Fig 4.6: Frequency distributions comparing three seasons of Sea Surface Temperatures and 
chlorophyll a values associated with gannet foraging locations (ARS) against those of a 
random point dataset (Random) within the colony home range. 
  
71 
 
4.4 Discussion 
The home range of Cape gannets breeding at Bird Island expanded rapidly over the three-
year study period. This growth was accompanied by an apparent increase in foraging effort, 
which seemed consistent with changes in the distribution of the sardine and anchovy stocks. 
Cape gannets foraged exclusively over the continental shelf in fairly warm unproductive 
waters, which were not significantly colder or more productive than waters within the overall 
home range. Over the three years, waters within the home range underwent considerable 
warmingwith an associated decline in productivity. These oceanographic changes appeared 
to have a profound influence on the distribution of epipelagic prey and consequently foraging 
dynamics of Cape gannets. In comparison to conditions on the Agulhas Bank during the 
1980‘s, mean productivity during 2010 was higher than average, whereas both 2011 and 
2012 were below average (Brown et al. 1991). The majority of foraging took place offshore 
and consequently well outside of the reach of MPAs. 
4.4.1 Foraging effort and prey distribution 
Prey stock dynamics are known to have a profound influence on Cape gannet foraging 
distribution, and associated effort (Pichegru et al. 2007). At Malgas Island, a progressive 
eastward shift in the centre of gravity of both sardine and anchovy biomass was matched by 
an increase in the foraging path length of gannets, which attempted to track the movement of 
their prey (Pichegru et al. 2007). However, once sardine had moved well outside the foraging 
range of this colony, birds shifted over to a diet consisting predominantly of fishery discards 
(Pichegru et al. 2007), which were abundant close to the island. This same eastward shift in 
small pelagic fish increased the availability of prey, particularly sardine, for foraging gannets 
from Bird Island, and this was reflected in their diet (Crawford et al. 2007a, Chapter 3). 
Sardine biomass in South Africa peaked in 2005, but has since declined as a result of 
successive years of poor recruitment (Coetzee et al. 2008). As sardine and anchovy stocks 
decline, they undergo range contractions (Lluch-Belda et al. 1989). Therefore, a contracting 
sardine distributional range associated with decreasing biomass might explain the 
progressive westward shift of this species away from Algoa Bay during the course of the 
study. Reduced sardine availability was also mirrored by gannet diet, when in 2005, 73% of 
the diet, by mass, was comprised of sardine (Pichegru et al. 2007), and thereafter decreased 
to 44% in 2010, 34% in 2011 and almost nothing (3%) by 2012 (Chapter 3). During this time, 
sardine was almost entirely replaced by anchovy (Chapter 3). However, the 2012 estimate of 
anchovy distribution (Fig 4.6) suggests that this species might be undergoing a similar 
westward shift in distribution. Should such distributional shifts persist, they could effectively 
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remove the two dominant prey groups from the foraging range of gannets breeding at Bird 
Island.  
It has been suggested (although not statistically tested) that the home range of the gannet 
colony at Bird Island contracted between the 1950‘s and 1970‘s (Klages 1994). Indeed, in 
the 1980‘s, Cape gannets were not known to travel much further than 200 km from Bird 
Island (Klages et al. 1992). Although the current home range remains smaller in size than 
those of gannets breeding off of the South African west coast and Namibia (Grémillet et al. 
2008b), the 2010 estimate represented a 35% increase on the previous estimate of 6 673 
km2 in 2005 (Pichegru et al. 2007), and was more than double that by 2012. Rapid home 
range growth with concurrent increases in search effort could be influenced by intraspecific 
competition and the consequent depletion of local prey stocks (Lewis et al. 2001). Crawford 
et al. (1991) estimated that during the 1980‘s, gannets (approximately 270 000 birds) 
foraging along the south western African coast consumed 51 600 tons of prey annually. With 
this in mind, the population at Bird Island, in order to maintain itself, would need to consume 
in the order of 38 000 tons of prey annually; representing a sizeable portion of the prey stock 
within the area. A comparison between the foraging effort of gannets breeding at Bird and 
Malgas Islands showed that, during 2009, both colonies fed predominantly on live prey, but 
individuals from Bird Island worked harder to locate their prey (Moseley et al. 2012). The 
authors suggested that this was related to a higher level of intraspecific competition at the 
larger Bird Island colony. Although this is likely to be the case, a westward shift in prey 
distribution could also have come into play. Under prevailing conditions of low live prey 
availability, gannets might be forced into scavenging fishery discards. Discards, however, are 
energy poor and sub-optimal (Grémillet et al. 2008a), particularly for chicks, which suffer 
lower growth rates and fledging survival as a result (Mullers et al. 2009a).  Furthermore, the 
south coast hake fishery is smaller than that of the west coast, and discards are less 
available to birds foraging in the area (Walmsley et al. 2007). Thus a shift in diet for gannets 
at Bird Island, on top of having negative implications for breeding success, would be less 
feasible than for the west coast. 
4.4.2 Biological and physical cues 
Gannets confined their foraging effort to the shelf, rarely venturing over the continental slope. 
In a western boundary current system such as the Agulhas Current, waters off of the shelf 
edge are typically warm, saline and unproductive (Swart & Largier 1987) holding relatively 
low prey abundances. Because of the low energetic rewards associated with such waters, 
gannets probably avoid foraging seaward of the shelf margin, despite it being well within their 
potential foraging range. Within the home range of Cape gannets, SST and Chl a were 
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clearly not good predictors of foraging distribution. However, through an avoidance of waters 
beyond the shelf margin it could be inferred that gannets actively selected waters on the 
continental shelf, which were inherently cooler and more productive than those of the 
Agulhas Current. Despite this preference for shelf waters, average conditions experienced by 
foraging gannets were markedly different from those of other populations. For example, 
Grémillet et al. (2008b) found that gannets foraging in the Benguela system, which also 
showed no preference for cold productive waters, experienced average Chl a concentrations 
of 6 – 9 mg.m-3 and SST‘s of 15.6 – 16.6 oC, indicative of the more extensive level of 
upwelling. This seems to indicate that, irrespective of the magnitude and spatial extent of 
upwelling processes, zones of low SST and high Chl a do not act as proxies for Cape gannet 
foraging distribution.  
The distribution of Chl a across the Agulhas Bank is heterogeneous, with the eastern 
Agulhas Bank maintaining a higher level of productivity than the rest (Probyn et al. 1994). A 
1980 estimate of primary productivity showed that within Algoa Bay, Chl a concentrations 
ranged between 6 and 12 mg.m-3 (Shannon et al. 1984). Following 1996, there was a 
notable decrease in the average SST of the eastern Agulhas Bank, which is suggested to be 
a result of a climate mediated increase in the frequency of coastal upwelling (Roy et al. 
2007). This could indicate that average productivity experienced during the course of this 
study, particularly in 2012, was anomalously low. For 2012, the persistence of warm, 
unproductive waters along the eastern Agulhas Bank during the summer of 2012/2013 might 
be a result of regional warming due to an absence of strong coastal upwelling; a dominant 
mechanism in which surface waters over the shelf are cooled (W. Goschen, pers. comm.). 
Sardine and anchovy preferentially spawn in cold waters (anchovy – 17.4-21.1 oC, sardine – 
15.2-20.5 oC; Van der Lingen et al. 2001), whereas the modal temperature during 2012 was 
22.5 oC. Consequently, this may well have acted as an additional driver for the westward 
shift of these fish, which probably moved away from the largely unfavourable conditions. 
Alternatively, it is possible that the highly ephemeral nature of upwelling along the south 
coast, specifically during this study, was at too fine a temporal scale to be effective in 
concentrating prey. Upwelled waters may be rapidly lost to the surrounding environment 
before they can promote increases in productivity. At the relatively fine scale over which 
gannets forage, it might be more beneficial to make use of alternative foraging cues, such as 
central information transfer with conspecifics (Silverman et al. 2004; Weimerskirch et al. 
2010) or other marine top predators (Vaughn et al. 2008), or have prior knowledge of 
profitable prey patches (Regular et al. 2013). A recent study has, nonetheless, shown that 
Cape gannets are capable of recognising and adjusting foraging activity in response to 
mesoscale fronts (Sabarros et al. in press). It could be that under conditions of high 
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upwelling frequency, gannets are better able to make use of SST and Chl a as a means of 
tracking prey distribution. Indeed, it appears that in 2010, when waters were relatively cool, 
the modal temperature in which gannets foraged was 1.5 oC cooler than that of the home 
range (Fig 4.5). Likewise, Chl a concentrations associated with foraging were about 2 mg.m-3 
higher than those of the home range, suggesting some level of selection. It cannot be 
excluded however, that the apparent difference between conditions in 2010 and those of 
2011/12, were as a result of random sampling of a heterogenous environment. 
Consequently, waters may have appeared cooler and more productive as a result of the 
sampling locations used, rather than true environmental differences. 
It should also be noted that gannet foraging distribution could potentially have been focused 
over productive waters situated below the surface. Satellite imagery effectively samples the 
upper layer of the water column, and do not reflect conditions below this. Current sheer 
along the shelf edge forces basal waters onto the shelf, which often drives the formation of a 
productivity maximum (>1 mg.m-3 - Chl a) at depths of between 1 and 20 m (see Fig 2.2) 
(Probyn et al. 1994). Core gannet activity which was located well offshore during the 2011 
and 2012 seasons (Fig 4.4) might have been focused around this feature, which is quasi-
permanent (Chapman & Largier 1989), unlike wind induced upwelling at the capes (Probyn 
et al. 1994). Also of note, was the problem posed by cloud cover, with many days (51%) 
being excluded due to an absence of data. Upwelling events are often accompanied by 
heavy fog (Olivier & Stockton 1989), which can obscure satellite imagery and influence the 
availability of data. In this way, periods of high productivity may have been under-
represented in this investigation.  
4.4.3 MPAs and foraging gannets 
Across all three years, there was a distinct spatial mismatch between gannet foraging 
distribution and MPAs. While core (50%) gannet activity was located well offshore, relatively 
close to the shelf margin, MPAs were essentially no more than extensions of the mainland. 
The exceptions were the island reserves, which in fact accounted for the greatest proportion 
of spatial overlap with gannet foraging distribution. In total, the MPA network (GAENP, 
Tsitsikamma National Park and Sardinia Bay) accounts for 355 km2, only 4% of the total 
gannet home range in 2010. Hence, current marine reserves clearly provide little benefit for 
this species, apart from protection at the breeding colony on Bird Island. With the addition of 
the proposed MPA expansion of GAENP, total coverage would increase considerably, to 
1454 km2 (13% of the 2010 home range estimate). However, as has been shown, this 
remains outside of the areas of core gannet activity, covering much of Algoa Bay, but not 
extending further out over the shelf.  
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Despite this spatial mismatch, it is possible that following the implementation of the GAENP 
expansion, the gannet foraging range could contract with an increased availability of prey 
closer to Bird Island. This was demonstrated within Algoa Bay when a 20 km experimental 
fishing exclosure around St Croix Island was introduced as a means of maintaining prey 
availability for African penguins foraging around the island (Pichegru et al. 2010); although 
this also proved to be too small an area (Pichegru et al. 2012). Should the GAENP MPA 
expansion be implemented, it would be essential that spatial monitoring be continued, in 
order to accurately quantify protection for this species. Nevertheless, even if the foraging 
distribution of Cape gannets at Bird Island does show some level of contraction in response 
to implementation of the GAENP expansion, it is unlikely that this reserve would ever protect 
a significant proportion of the overall gannet foraging range. Monitoring should also take into 
account that, while the current MPA network excludes commercial fishing, the GAENP MPA 
extension would be zoned (Oosthuizen 2010). Consequently, commercial fishing would 
continue within the Algoa Bay area, albeit strictly regulated (Oosthuizen 2010). Pelagic 
protected areas have also been highlighted as a potential solution for conserving marine 
resources (Game et al. 2009), and may be effective in preserving prey stocks for seabirds in 
the area. In South Africa, the Offshore Marine Protected Area Project set out to identify key 
areas of importance for expanding the country‘s MPA network (Sink et al. 2011). This project 
has identified 10 focus areas for offshore biodiversity protection. One such area, the Port 
Elizabeth Focus Area, has within its list of objectives, the protection of threatened species, 
and would encompass a large portion of the Cape gannet foraging range. This would likely 
make it the most effective means of protecting this population. However, as prey distribution 
seems to be linked to the oceanographic conditions of the system, long-term oceanographic 
change could render spatially explicit MPAs ineffective. 
 4.4.4 Conclusions 
It is clear that Cape gannets breeding at Bird Island have had to increase their foraging effort 
in order to track changes in the distribution of their prey. Furthermore, the foraging 
distribution of this population appears to be influenced more by the distribution of its prey 
than by oceanographic features that may act as proxies of prey abundance. While there is 
some indication that, during periods of intense upwelling and high productivity, gannets may 
track changes in oceanographic variables, this is not a reliable method of predicting foraging 
distribution of this species. Due to the dynamic nature of their prey, the current MPA network 
is unlikely to provide sufficient protection for foraging gannets. Although implementation of 
the proposed GAENP MPA expansion will increase the level of overlap with foraging 
gannets, it is unlikely to significantly improve protection due to the spatial mismatch of core 
gannet foraging areas and MPA positioning.  
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Chapter 5 
Synopsis and Conclusions 
 
In light of rapid population growth of the Cape gannet colony at Bird Island, and its 
importance as the largest colony in the world, this study set out to investigate the foraging 
ecology of gannets breeding at Bird Island. This was carried out in two interrelated 
components. The first investigation was an assessment of long-term dietary change in 
relation to the availability of sardine and anchovy and the second was a study on the 
relationship between gannet foraging distribution and oceanographic features, the 
distribution of their dominant prey, and marine protected areas (MPAs). 
Over the duration of this study, Cape gannets preyed on a total of 55 different prey types, of 
which 49 were identified to species level. Despite this fairly high species number, the diet 
remained similar over the 34 years, and was dominated by sardine, anchovy and saury, 
which accounted for 93.5% of the overall diet by numerical abundance. Seasonally, sardine 
and anchovy constituted a large proportion of the breeding diet, while saury was mostly 
present within the non-breeding diet. Sardine increased significantly in dietary abundance 
from 1979 until 2005 and thereafter decreased. This pattern in dietary abundance was 
associated with an increase in sardine biomass as assessed through acoustic surveys. 
Following 2004, the sardine stock declined due to consecutive years of poor recruitment. 
These patterns were also evident in sardine average FL, which increased significantly up 
until 2003, but thereafter decreased until 2012. Trends in size could allude to changes in 
stock structure, with an increasing proportion of large adults as the stock grew, followed by 
disproportionately high mortality of large, old fish as the stock declined, which may have 
driven a change in age structure. The nature in which the dietary abundance of sardine 
reflects changes in its availability, lends support to the hypothesis that sardine is a preferred 
prey species of Cape gannets. Further support for this lies in the strong inverse relationship 
between sardine and anchovy, another dominant species within the diet. Anchovy 
constituted higher proportions of gannet diet when sardine was unavailable, but was not 
significantly correlated with estimates of its availability. In fact, it was found that the 
abundance of anchovy within gannet diet was negatively correlated with the availability of 
sardine within the system. This seems to indicate that while anchovy is a suitable alternative 
to sardine, the latter is favoured by foraging gannets. Recently there was an increase in the 
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contribution of small anchovy (<100 mm) to the diet, which could be linked to a greater 
retention of juvenile anchovy on the Agulhas Bank. The third species, saury, once dominant 
in the non-breeding diet of Cape gannets has shown a progressive decrease in dietary 
abundance. This may well have been due to an increase in the availability of sardine and 
anchovy. However, as stock data are not available for saury, it is unknown whether the 
decrease in its importance within the diet is reflective of a change in availability.  
Foraging gannets showed a clear tendency to utilise waters over the continental shelf. Most 
foraged in waters to the west of Bird Island, with only a small contingent foraging along the 
narrow shelf east of Bird Island. This preference for shelf waters probably relates to the 
proximity of the Agulhas Current, which flows along the shelf margin, carrying with it warm, 
nutrient poor waters. However, within the breeding home range, oceanographic conditions 
associated with foraging were no different to those of the home range as a whole, indicating 
a lack of habitat selectivity. Over the course of the study, the home range increased rapidly 
(from 8 967 km2 in 2010 to 13 269 km2 in 2012), apparently tracking a westward migration of 
sardine and anchovy (Fig 4.6). Gannet foraging distribution may therefore be related to the 
large-scale distribution of prey, rather than to the fine-scale distribution of oceanographic 
features which are believed to act as nucleating points for mid-trophic level fish. However, it 
is worth noting that in 2012, when the sardine and anchovy stocks were situated mostly 
outside of the foraging range (Fig 4.6), oceanographic conditions were anomalously warm 
(average 21.4 oC). The maintenance of a persistent warm surface layer was probably due to 
a lack of easterly winds favouring upwelling, which serve to bring cold waters to the surface 
and cool the region. Sardine and anchovy, which prefer cold water, may have moved 
westwards to escape these anomalous conditions. In contrast, during 2010, when cool 
productive conditions prevailed, it appears that gannets might have shown some level of 
selectivity for cooler, more productive waters. This aligns with a recent study showing that 
gannets are capable of recognising oceanographic fronts (Sabarros et al. in press). 
Therefore, under suitable conditions gannets may be more capable of tracking changes in 
oceanographic features as a means of locating prey. With that being said, oceanographic 
features are clearly unreliable as a means of predicting important, perennial foraging areas. 
Being a pelagic species, the core areas of Cape gannet foraging activity were situated 
offshore, well outside of MPA boundaries, indicating that this species currently derives very 
little protection from protected areas. Furthermore, it is unlikely that this population would 
receive significant additional protection through the implementation of the GAENP MPA 
expansion. Consequently, the most effective conservation measure for this species is likely 
to be through a pelagic protected area, which have received considerable interest in terms of 
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increasing marine conservation within the South African economic exclusion zone (EEZ) 
(Sink et al. 2011). 
Due to the nature of long-term monitoring, diet sampling protocols did not remain consistent 
throughout the study period. In addition, the sampling regime showed considerable variation 
over the 34-year study period, with different months being sampled in different years. To 
account for this, all months associated with breeding and non-breeding, were lumped into 
two separate groups, which could lead to problems in comparing breeding data with acoustic 
survey, prey density estimates. Due to the dynamic nature of the environment, there may at 
times have been a temporal mismatch between when sampled gannets were foraging and 
when the survey was conducted. Consequently, it would be beneficial to conduct diet 
sampling over the same period that the annual survey is conducted within the home range of 
the Cape gannet colony. The same applies to the deployment of GPS loggers, where 
foraging distribution would be better related to prey distribution if both were estimated 
concurrently. Although sampling periods were fairly similar over the three years, tracks were 
mostly recorded from the early breeding season (December) during 2010 and 2011, whereas 
in 2012, tracking effort was spread equally over December and January. Seabirds may 
increase foraging effort over the course of the breeding season in response to the increasing 
energetic demands of growing chicks, and as prey resources become locally depleted (e.g., 
Elliot et al. 2009). As a result, birds tracked during the late breeding season would be 
expected to work harder than those tracked during the early breeding season. To account for 
this, future work should ensure that sampling effort is consistently spread over the breeding 
season, as was the case in 2012. 
The results of this study indicate that the Cape gannet colony at Bird Island remains in good 
condition, with the diet dominated by live prey species (in particular sardine and anchovy), 
and a home range which is smaller than that of the current second largest colony (Malgas 
Island). This study also supports suggestions that the increasing availability of sardine, in 
particular, on the south coast has played a dominant role in colony growth. That being said, it 
is clear that the colony at Bird Island is reliant on the continued availability of these two prey 
species. Furthermore, the sardine stock appears to be on the decline, and seems to be 
undergoing range contraction. As growth of the Cape gannet population at Bird Island was 
probably related to an increase in sardine abundance, it is probable that under reduced 
availability, both intra- and interspecific competition for prey resources would result in 
localised depletion of prey resources. At present, the bulk of the pelagic stocks is located 
over the central Agulhas Bank, whereas most of the South African annual pelagic catch is 
taken off the west coast (Pichegru et al. 2009). Therefore, currently, competition between 
fisheries and the Cape gannet colony at Bird Island is probably low. Yet, recently there has 
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been a drive to reposition the fleet to the south coast, which would make the pelagic stocks 
more accessible to fisheries (J. Coetzee, pers. comm.). A distributional shift in catch may 
serve to increase prey availability for seabirds along the west coast, which is a conservation 
priority. However, it would likely also increase competition between seabirds and fisheries on 
the Agulhas Bank, reducing the availability of prey for Cape gannets at Bird Island. 
Therefore, while it can be concluded that the Cape gannet colony is in good condition, its 
conservation importance, together with rapid change within the Agulhas system, dictate that 
it should continue to be closely monitored for any signs of stress, be they reductions in diet 
quality or further increases in foraging range. 
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Appendix A: Number of stomach content samples collected from Cape gannets at Bird 
Island, each month, 1979-2013. Total numbers of samples collected each year and for each 
month over the whole period are also indicated. 
Year/Month Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Total 
1979 0 86 0 80 66 91 0 101 51 115 75 0 665 
1980 45 96 32 16 0 77 0 64 51 68 0 69 518 
1981 0 0 0 0 0 0 35 31 61 79 98 0 304 
1982 0 0 0 0 0 52 50 100 39 89 15 8 353 
1983 0 0 0 0 0 0 70 81 75 58 0 15 299 
1984 0 0 0 0 0 28 61 75 50 54 39 0 307 
1985 0 0 0 0 0 0 49 22 0 32 0 0 103 
1986 40 40 0 40 42 20 21 40 40 40 40 20 383 
1987 20 40 70 0 30 40 41 0 40 40 
 
40 361 
1988 40 33 20 20 40 30 0 111 0 20 20 30 364 
1989 0 0 40 55 70 0 0 45 0 0 0 30 240 
1990 0 0 0 22 0 0 46 47 41 41 0 50 247 
1991 0 0 0 35 16 0 36 29 44 28 40 20 248 
1992 0 0 25 0 27 40 41 0 40 31 39 30 273 
1993 0 20 0 0 30 0 14 0 30 42 0 0 136 
1994 11 0 0 39 0 25 0 46 48 0 35 0 204 
1995 0 30 0 0 23 21 0 46 0 46 15 44 225 
1996 0 0 0 53 12 19 30 46 42 15 29 0 246 
1997 7 49 0 0 40 40 0 39 30 38 0 20 263 
1998 0 0 50 14 0 0 22 8 0 31 25 19 169 
1999 0 0 28 0 0 0 15 24 25 28 5 34 159 
2000 0 0 0 0 4 3 0 0 0 0 0 0 7 
2001 0 9 0 31 20 0 28 27 30 30 0 0 175 
2002 0 0 0 0 16 0 33 0 19 0 34 0 102 
2003 0 34 0 0 0 0 0 0 0 0 30 0 64 
2004 0 34 0 0 0 0 0 10 50 0 10 40 144 
2005 0 0 0 0 14 0 0 49 0 50 0 51 164 
2006 0 0 0 0 0 0 0 47 0 0 0 50 97 
2007 0 0 0 0 0 0 0 50 0 0 0 50 100 
2008 0 0 0 0 0 0 0 50 0 0 0 50 100 
2009 0 0 0 0 0 0 0 10 0 0 0 0 10 
2010 0 0 0 0 0 0 0 30 46 15 0 0 91 
2011 0 0 0 0 0 0 0 0 48 8 22 32 110 
2012 30 40 0 39 5 33 30 15 39 30 0 30 317 
             7548 
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Appendix B: Complete list of prey items taken by Cape gannets over the course of this 
study (1979-2013), showing their overall dietary contribution in terms of numerical 
abundance (%NA).  
*Species recorded in Klages et al. (1992) 
Scientific name Common name Overall %NA 
TELEOSTS   
Ablennes hians* Flat needlefish 0.03 
Allothunnus fallai Slender tuna <0.01 
Argyrosomus hololepidotus* Silver kob <0.01 
Argyrosomus japonicus Dusky kob <0.01 
Atractoscion aequidens Geelbek <0.01 
Auxis thazard Frigate tuna <0.01 
Boopsoidea inornata* Fransmadam 0.01 
Brama orcini* Bigtooth pomfret 0.08 
Cheilopogon furcatus Spotfin flyingfish <0.01 
Cheilopogon pinnatibarbatus Bennett's flyingfish <0.01 
Chelidonichthys capensis* Cape gurnard 0.02 
Coryphaena hippurus* Dorado 0.02 
Decapterus macrosoma Shortfin scad 0.03 
Decapterus russelli Scad <0.01 
Engraulis encrasicolus* Anchovy 59.39 
Etrumeus whiteheadi* Red-eye round herring 1.75 
Genypterus capensis* Kingklip <0.01 
Gonorynchus gonorynchus* Beaked sandfish 0.20 
Gymnammodytes capensis Cape sandlance 0.02 
Helicolenus dactylopterus* Jacopever <0.01 
Katsuwonus pelamis Skipjack tuna <0.01 
Lagocephalus lagocephalus* Oceanic puffer <0.01 
Lepidopus caudatus Buttersnoek 0.02 
Liza richardsonii Southern mullet <0.01 
Merluccius capensis* Shallow-water hake 0.75 
Merluccius paradoxus* Deep-water hake 0.04 
Muraenesox bagio* Pike conger <0.01 
Nomeus gronovii Bluebottlefish <0.01 
Pachymetopon aeneum Blue hottentot <0.01 
Pagellus natalensis* Natal pandora 0.02 
Petalichthys capensis* Cape needlefish 0.15 
Pomatomus saltatrix* Elf 0.04 
Priacanthus hamrur* Moontail bullseye <0.01 
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Pterogymnus laniarius* Panga <0.01 
Sarda sarda* Atlantic bonito 0.01 
Sardinops sagax* Sardine 25.14 
Sarpa salpa* Strepie 0.03 
Scomber japonicus* Chub mackerel 1.55 
Scomberesox saurus* Saury 9.27 
Seriola lalandi* Yellowtail 0.01 
Stolephorus holodon* Natal anchovy <0.01 
Syngnathus auliscus Barred pipefish <0.01 
Thyrsites atun Snoek <0.01 
Trachurus trachurus* Horse mackerel 0.85 
Trichiurus lepturus* Largehead hairtail <0.01 
Tylosurus crocodilus Crocodile needlefish <0.01 
Umbrina ronchus* Baardman <0.01 
 
  
 CEPHALOPODS   
 Loligo vulgaris* Chokka squid 0.43 
Ommastrephes bartramii* Neon flying squid <0.01 
 
  
 UNIDENTIFIED SPECIES   
 Aulostomus sp. Trumpet fish <0.01 
Clupeidae sp. Clupeid <0.01 
Cypselurus sp.* Flyingfish <0.01 
Mugilidae sp. Mullet <0.01 
Exocoetidae sp.* Flyingfish 0.02 
Sparidae sp. Bream <0.01 
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Appendix C: Mean annual fork length (FL) of the three dominant prey species (sardine, anchovy and saury) within Cape gannet diet during the 
breeding season. 
 
 
